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Abstract
Plagioclase feldspar is one of the abundant minerals on the surface of the Earth, the Moon
and Mars, and is also commonly found in meteorites. This dissertation seeks to better
understand the phase changes in plagioclase when subjected to meteorite impact and
fundamental information about impact cratering process.
Shock features in plagioclase from Mistastin Lake impact structure, Canada, and Apollo
samples returned from the Moon were investigated. A series of progressive optical shock
features were observed, and their Raman spectra was collected systematically. Identified
shock featurs include deformed twins, planar features, and partially to completely isotropic
or diaplectic glass. However, no planar deformation features (PDFs) were observed in
plagioclase despite finding PDFs in quartz in the same thin section in Mistastin Lake
central uplift samples. Certain features observed in plagioclase (e.g., twinning, needle like
inclusions, zeolite alteration and crystalline planar features) may be mistaken as PDFs but
can be easily identified by their Raman features. Raman spectra of shock features show
that Raman features change progressively as shock level increases. Raman peak
broadening, reduction of peak intensities, and peak loss were observed indicating structure
deformation, loss of crystallinity and amorphization. Crystalline plagioclase and
amorphous diaplectic glass can be distinguished based on their Raman features.
To better understand the deformation of plagioclase under high-temperature and highpressure conditions, static experiments were also conducted using laser heating diamond
anvil cell and synchrotron X-ray diffraction. Results reveal pressure/temperature-induced
amorphization and crystallization kinetics of high-pressure phase changes. The phase
diagram of intermediate plagioclase was constructed up to 64 GPa and 2000 K and a new
high-pressure phase was observed. This phase diagram reveals a wide pressure-temperature
range for plagioclase to change from crystalline to amorphous state (i.e. diaplectic glass)
before melting. Furthermore, the breakdown and phase changes make plagioclase an
effective barometer candidate for estimating the pressure-temperature history of shock
events and interpreting the mineralogy of meteorites, ultimately of great help to reconstruct
the collisional history of asteroids in the early Solar System.
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Summary for Lay Audience
Feldspar, a grey or pink coloured mineral, is frequently seen in kitchen countertops, and
commonly found in gift shops with a blue tint, where it is known as moonstone or
labradorite. However, feldspar is not just a pretty stone for decoration but is also makes up
over 50% of Earth’s crust, where we are standing on right now. But how did we get here?
Scientists believe that some meteorites brought the seeds of life to Earth, same as how they
killed the dinosaurs, and feldspar might be a witness to this impact process! This study is
thus motivated to solve the case by studying feldspar samples collected from impact
structure on Earth, and samples returned from the Moon where feldspar is also commonly
impacted.
Feldspar samples were investigated using a variety of modern techniques. The primary
technique is called Raman spectroscopy and it can identify chemical properties and inner
features within the mineral. Also, feldspar samples were compressed between two
diamonds to experience a controlled pressure and temperature conditions. By using super
bright X-rays, changes of inner features and the development of new features were
monitored.
The results of this study revealed a variety of changes within feldspar due to the impact
process and they can be identified and classified by their Raman features. The data from
lab experiments helped to explain the development of these features and to scale the
pressure and temperature conditions they experienced. Ultimately, this study will help
people understand the formation of Earth, the Moon and our solar system.
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Introduction

Meteorite impact craters are the dominant surface feature on most rocky planetary bodies
and can reveal fundamental information about planetary evolution through excavation of
large amounts of material, providing windows into the subsurface. By studying impact
craters on Earth, we gain context for geological samples collected in and around impact
craters on other planetary bodies. This provides insight into the geological foundations of
all rocky planetary bodies and meteorites and contributes to the growing body of
knowledge about the origins of our Solar System (French and Koeberl 2010).

1.1 Impact cratering process
Impact craters are the result from the collision of an asteroid or comet body with the surface
of a planetary object. The impacting body transfers its kinetic energy to the target rocks via
a shock wave, which propagates into the target rocks and back into the impacting body. In
the target rocks, the kinetic energy of the impacting body is partitioned into kinetic energy,
which sets the target rocks in motion and leads to the formation of a crater form, and into
internal energy, which leads to shock metamorphic effects. The final crater form is
primarily a function of the size of the impact event, planetary gravity and the dynamic
strength of the target rocks; pre-existing structures and topography being other factors. The
formation of a complex impact crater occurs in three phases (Fig 1-1):
contact/compression, B) excavation, and C) modification.
The contact and compression stage (Fig 1-1A) is the initial dramatic increase in pressure
(and temperature) due to the transfer of kinetic energy of the impactor into the target rocks
via a shock wave until the end of the passage of the rarefaction wave. The passage of the
rarefaction wave often results in complete melting or vaporization of the projectile (Gault
et al., 1968; Melosh, 1989). Passage of the shockwave and subsequent rarefaction wave
results in shock metamorphism, melting, and vaporization of target material – depending
on proximity to the point of contact (Ahrens and O’Keefe, 1972; Grieve et al., 1977;
Melosh, 1989; Stöffler and Grieve, 2007). The end of the contact and compression stage is
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marked by total unloading of the projectile, which usually occurs 10-3 to 10-1 seconds after
initial contact; >1 second for only the largest impacts. This phase has been studied
primarily from a theoretical standpoint and through application of work from nuclear
explosion tests (Gault et al., 1968; Kieffer and Simmonds, 1980; Melosh, 2013, 1989;
O’Keefe and Ahrens, 1975; Roddy et al., 1977).
The excavation stage (Fig 1-1B) immediately follows contact and compression.
Descriptions of the excavation stage are typically focused on the formation of the transient
cavity, which is the maximum cavity created by the flow of material outward from the
impact, before entering back into a gravity-controlled regime (Melosh, 1989; French, 1998;
Osinski and Pierazzo, 2013). The transient cavity (Fig 1-1 top left) is a conceptual construct
and represents an unstable situation due to gravitational forces and collapse and is
modified, almost as it forms and grows, resulting in the final crater form (Osinski et al.
2018). During this stage, target rocks are shocked, fractured, melted, ejected, and displaced
significantly from their original locations. Additionally, shock metamorphic features are
created during this stage of cratering.
The modification stage (Fig 1-1C) is defined as all modification to the impact structure
after the transient crater has reached its maximum size. After the transient crater reaches its
maximum diameter, gravitational forces take over producing inward flow of material back
into the crater, collapse of the crater rim, settling, normal faulting of blocks both into and
away from the crater, back thrusting and/or folding of the rim, and deposition of ejecta both
into and outside of the crater (French, 1998; Melosh, 1989). Depending on the specific
geology of the crater, this point can also initiate short-lived hydrothermal systems
(Kirsimae and Osinski, 2013). The final stage of modification consists of geologic events
that affect the impact structure, but significantly post-date the impact event. This includes
erosion, burial, and overprinting by tectonics. However, for studies of terrestrial impact
structures, when observing the result of all geologic activity since the impact structure
formed, it is important and frequently difficult to distinguish and recognize what is related
to the impact event and what is not.
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Figure 1-1. Schematic diagrams showing the formation of a complex impact crater. Modified from (Osinski et al. 2018). Top left (transient
cavity) is a theoretical cross section through the transient cavity showing the provenance of impact metamorphosed target lithologies. (A)
to (C) are a series of cross sections picturing the crater formation stages. (A) Contact/compression stage. (B) Excavation stage. (C)
Modification stage: the arrows represent different time steps, labelled “a” to “c”. Initially, the gravitational collapse of crater walls and
central uplift (a) results in generally inwards movement of material. Later, melt and clasts flow off the central uplift (b). Then, there is
continued movement of melt and clasts outwards once crater wall collapse has largely ceased (c).
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1.2 Shock metamorphism
Impact events create shockwaves that cause shock metamorphic features in rocks and
minerals of the target material during passage of the impact-generated shockwave. Shock
metamorphic effects are produced by shock compression combined with the effects
following the passage of the rarefaction wave. Shock effects are defined as permanent
residual effects to be observed after the passage of the shock wave, i.e., after pressure and
temperature release to ambient Pressure-Temperature conditions. This deformation of the
crystal structure is caused by passage of the shockwave through the target material, causing
far higher temperatures and pressures than those produced during normal crustal
metamorphism on Earth (Fig 1-2). The main types of shock effects are with increasing
shock pressure: mechanical deformations, phase transformations, decomposition, melting
and vaporization (Langenhorst, 2002).

Figure 1-2. Pressure versus temperature diagram for regional metamorphism in the
Earth’s crust compared to shock compression of nonporous silicate rocks (modified
after French 1998).
Shock effects are mineralogically selective as they will occur in grains of one mineral, but
not in grains of adjacent different minerals (French, 1998). The extent and exact nature of
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the shock deformation depends on the mineralogical and microstructural nature of the
target rock (French and Koeberl, 2010; Ferrière and Osinski, 2013;), where tectosilicates
are the most sensitive and display the most petrographic deformation effects (Ferrière and
Osinski, 2013). Most of the early work on shock metamorphism focused on
transformations within silicates, specifically quartz and feldspars (Ahrens et al., 1969;
Chao, 1968; Huffman and Reimold, 1996; Stöffler, 1971; von Engelhardt and Stoffler,
1968).
Table 1-1. Shock wave barometry for rock-forming minerals and for whole rock
melting. Table is from Stöffler et al. 2018 and references within.
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The degree of shock metamorphism of the material is indicative of the peak pressure of the
impact (Osinski et al., 2018). Shock effects include shatter cones in rocks (the only known
megascopic shock effect); microscopic planar deformation features (PDFs) in minerals,
best known in quartz and feldspar; diaplectic or theromorphic solid-state glasses in quartz
and feldspar; impact melt rocks and glasses; and various high-pressure polymorphs, such
as coesite and stishovite from quartz and diamond from graphite. Shock deformation is
characterized by progressive destruction of the crystal structure and original textures until
melting occurs. Table 1-1 below summarizes some features caused by shock
metamorphism and their definition. A brief list of common rock forming minerals with
effects diagnostic of a certain shock pressure level present by Stöffler et al. (2018) is in
Table 1-2.
Table 1-2. Features caused by shock metamorphism and their definition from Spry
(1969), Engelhardt and Bertsch (1969), Stöffler (1972), Arndt et al. (1982), Stöffler
and Langenhorse (1994), French (1998), Langenhorst (2002), French and Koeberl
(2010), Ferrière and Osinski (2013) and references within.
Features

Definition

Roughly conical fracture surfaces with radiating “horse tailing” striations. The
only accepted macroscopic diagnostic feature of shock metamorphism. Form
at relatively low shock pressures, and in large volumes of the target rock.
Long been accepted as indicators of shock in quartz and feldspar and can be
divided into planar fractures (PFs) and planar deformation features (PDFs).
PFs and PDFs are distinct from each other in that PFs are open cracks, often >3
µm wide and spaced ~15-20 µm apart. Planar deformation features (PDFs), on
Planar
the other hand, are closed parallel planar lamellae along which glass is
microstructures typically found, they are less than 2 µm thick, and typically spaced 2-10 µm
apart. Post-shock annealing of PDFs results in ‘decoration’ by tiny fluid
inclusions aligned with the original PDF direction. In quartz, PDFs occur as
sets of closely spaced lamellae and frequently occur in multiple orientations
per grain.
Usually seen in the minerals that show twining under cross-polarized light,
Kink bands
e.g., feldspar, mica.
Optical mosaicism is an irregular/mottled extinction pattern displayed by
crystals comprised of several subdomains, with different optic axes. Kink
bands and planar microstructures are commonly associated with optical
Mosaicism
mosaicism. Because a similar extinction pattern can also be developed by
endogenic processes, it cannot be used as a diagnostic indicator of shock
metamorphism.
Shatter cones
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High-pressure
polymorphs

Diaplectic
glass

Some minerals are converted under shock compression into high-pressure
polymorphs that are normally only stable in the lower crust or mantle of Earth.
While these are uncommon on the surface of the Earth, many can be produced
by endogenic processes and so it is only in combination with geologic context
that such features are considered shock-diagnostic.
Optically isotropic, amorphous (to X-rays, Raman, etc), and yet retain the
chemical composition, morphology, texture, and internal features of the
original mineral grain and, therefore, preserve the original fabric of the rock.
They do not show flow textures or vesiculation. They are known to preserve
grain boundaries, cleavage, and twin lamellae of their precursor grain. It is not
uncommon to find only part of grain which has become diaplectic glass,
leaving the remainder birefringent. Diaplectic glasses typically demonstrate
decreasing refractive index and density with increasing shock level. They have
higher density and refractive index than compositionally equivalent fused
glass, which suggests that diaplectic glasses have more compact structures.
The structure of diaplectic glasses appears to be inhomogeneous, with different
areas showing different degrees of order.

1.3 Feldspar
Feldspar group minerals are the most abundant constituents of igneous rocks and
commonly occur in sedimentary and metamorphic rocks as well (Deer et al., 2001). The
feldspar group is comprised of two series of solid solutions: plagioclase feldspar
(CaAl2Si2O8-NaAlSi3O8) and alkali feldspar (NaAlSi3O8-KAlSi3O8) (Fig 1-3). The crystal
system varies with composition, crystallization temperature, and thermal history. The
plagioclase series is triclinic from anorthite to oligoclase, with albite generally triclinic but
monoclinic at high-temperature. In the alkali series, anorthoclase is triclinic, but may be
monoclinic at high-temperature, and sanidine is monoclinic.
Plagioclase feldspars demonstrate two good cleavages {001} and {010} at 93-94° and one
poor cleavage (Nesse, 2004). Twinning is commonly seen in plagioclase is common as
alternating lamellae of plagioclase (twins) produced with crystallographic orientations
rotated by 180° to relative to each other (Zoltai and Stout, 1984). Plagioclase commonly
alters to sericite, clay, or zeolites, which may be concentrated in the core of grains, along
twin lamellae, or uniformly distributed throughout the grain (Nesse, 2004).
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Figure 1-3. Feldspar ternary diagram illustrating the solid solution between anorthite
(An) and albite (Ab), and between albite and orthoclase (Or). Modified from (Deer et
al., 2001).

1.3.1

Shock features in feldspar

Shock features in plagioclase have been documented from several natural impacts and
experimental studies (e.g. Chao, 1968; von Engelhardt and Stöffler, 1968; Stöffler, 1971,
1972; Hörz and Quaide, 1973; Reimold, 1982; Ostertag, 1983; Heymann and Hörz, 1990;
Stöffler et al., 1991; Johnson et al., 2002, 2003; Langenhorst, 2002; Fritz et al., 2005;
Johnson, 2012; Jaret et al., 2014; Pickersgill et al., 2014). Generally, shock effects in
plagioclase represent a progression of deformation and show continued degradation of the
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crystalline order with increasing shock pressure (Stöffler, 1971; Kieffer et al, 1976; Hanss
et al., 1978; Ostertag, 1983; Heymann and Hörz, 1990; Stöffler et al., 1991, 2018; Fritz et
al., 2005, Johnson et al., 2012).
Based on the petrographic trend of shock textures, several classification schemes for
assessing shock level in natural samples have been suggested (Chao, 1968; Singleton et al.,
2011; Stöffler, 1971, 2018; von Engelhardt and Stoffler, 1968). And there are different
shock level classification schemes for quartz or feldspathic rocks, basaltic and gabbroic
rocks, dunitic and chondritic rocks, sandstone, and particulate rock material (Stöffler and
Grieve, 2007). Recently, Stöffler et al. (2018) reevaluated the systematics and geologic
setting of terrestrial, lunar, Martian, and asteroidal “impactites” and proposed a unified and
updated system of progressive shock metamorphism for impactites derived from silicate
rocks and sediments. A recent definition of progressive stages of shock metamorphism for
plagioclase-rich mafic rocks by Stöffler et al. (2018) as in Table 1-3.
Table 1-3. Definition of progressive stages of shock metamorphism for plagioclaserich mafic rocks of classification system A (anorthositic rocks) by Stöffler et al. (2018)
; pdf = planar deformation features; shock pressure corresponds to the final
equilibration peak shock pressure for polycrystalline rocks (in GPa) derived from
shock experiments; post-shock temperature is the temperature increase (in °C) after
pressure release relative to a pre-shock temperature of ~25 °C; (?) uncertain value
with an error of ~50 °C.

Observations of pressure effects at the microscopic level can reveal important aspects of
shock wave propagation through mineral grains and the resulting deformation to crystalline
structures. In addition to standard optical techniques, a number of workers have employed
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advanced modern analytical techniques to study the progressive crystallinity changes and
structural deformation in shocked feldspar, including X-ray Diffraction (XRD) (e.g., Sims
et al. 2019), cathodoluminescence (e.g., Kayama et al. 2009), Thermal Infrared (TIR) (e.g.,
Johnson et al. 2002, 2003), micro Fourier transform-infrared (micro-FTIR) spectroscopy,
and Raman spectroscopy (Velde and Boyer 1985; Velde et al. 1989; Heymann and Hörz
1990; Reynard et al. 1999; Johnson et al., 2002; Fritz et al. 2005, 2011; Jaret et al. 2018).
Raman and Thermal Infrared (TIR) spectroscopy results reveal that plagioclase
demonstrates progressive loss of complex spectral features with increasing pressure
associated with Si-O bending and stretch vibrations in silica tetrahedra. Stronger, four-fold
(tetrahedral)Si-Al coordination bonds transition to less polymerized, weaker bonds
associated with six-fold (octahedral) coordination (e.g., Johnson et al., 2002; Fritz et al.,
2005). However, there is lack of a systematic Raman spectroscopy study of naturally
shocked feldspar from a complete range of shock levels from the same terrestrial impact
structure.

1.3.2 Experimental high-pressure study of feldspar
To help understand the natural impact process, experimental methods also have been
conducted to reproduce shock features in feldspar under controlled pressure and
temperature conditions including dynamic shock experiments and high-pressure static
experiments (e.g. Milton and De Carli 1963; Hörz and Quaide 1973; Ostertag 1983;
Stöffler 1984; Tomioka et al. 2010; Jaret et al. 2018; Fritz et al. 2019).
Plagioclase-rich rocks with various compositions (albite, andesine, bytownite and
anorthite) have been shocked up to 120 GPa by dynamic shock experiments and the
recovered samples were investigated using optical petrography, micro-Raman, and microFTIR spectroscopy to document structural changes as a function of composition and
pressure (e.g. Gibbons and Ahrens, 1977; Daniel et al. 1997; Johnson et al. 2002; Johnson
2012; Jaret et al. 2018; Pittarello et al. 2019). These results suggest that sodic plagioclase
samples began to transform to an amorphous phase at higher shock pressures (around 28
GPa) than more calcic plagioclase (around 22 GPa). Also, heterogeneity in the shocked
samples was observed on the microscopic scale while planar deformation features were not
observed. They suggested that the variability of the shock wave topology combined with

10

11

differences in crystal orientation and composition were the likely causes. Raman results of
experimental shocked samples show systematic changes including band broadening,
reduction of intensities, and peak losses as shock pressure increases (e.g., Jaret et al. 2018;
Fritz et al. 2019).
However, while pressures > 50 GPa can be easily achieved through dynamic shock
experiments, the major drawback is the difference between the shock wave duration in
dynamic shock experiments and natural events. When compared to more than 1s shock
duration of a natural impact, ~5 μs of propagate time of shock recovery experiments are
insufficient to recreate the very important kinetic component of shock metamorphism.
Furthermore, in shock experiments, the temperature component is typically addressed
through the pre-heating of a sample and in some cases is not addressed at all (Sharp and
DeCarli, 2006).
To better study phase transitions and equilibria of common rock forming minerals, various
static high-pressure high-temperature experiments were conducted on feldspar, using large
volume multi-anvil cell (MAC) and/or diamond anvil cell (DAC) techniques. Along the
anorthite (CaAl2Si2O8) to albite (NaAlSi3O8) join, the high-pressure and high-temperature
behaviors of two endmembers are well studied and mostly understood up to 25 GPa (e.g.
Irifune et al. 1994; Liu 2006, 2012; Beck et al. 2004; El Goresy et al. 2013; Zhou et al.
2017; Tomioka and Miyahara 2017). However, knowledge of high-pressure and hightemperature behavior of intermediate plagioclase is limited to date.

1.4 Thesis overview
This thesis contains 6 chapters, including this introduction, which outlines the background
and motivation of the work presented throughout. The goal of this study is to investigate
the behavior of plagioclase feldspar under natural shock events and experimental highpressure high-temperature environments, using both natural terrestrial and lunar samples.
Chapter 2 presents the description of the experimental methods used in this study, including
Raman spectroscopy, laser heating diamond anvil cell with synchrotron X-ray diffraction.
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Chapter 3 presents the results of a detailed study of shocked plagioclase feldspars from the
Mistastin Lake impact structure, Canada. Polished thin sections were studied using optical
microscopy, Electron Probe Micro Analyzer (EPMA), and Raman spectroscopy. A series
of progressive optical shock features were observed, including deformed twins, planar
features and partially to completely isotropic or diaplectic glass, and their Raman spectra
was collected systematically and shown here. This chapter is accepted by Meteoritics &
Planetary Science (Xie et al. 2020).
Chapter 4 presents the results of a detailed Raman study of lunar anorthite returned by the
Apollo missions. Polished thin sections were studied using optical microscopy and Raman
spectroscopy. The results were comparable with the ones from Mistastin Lake. Similar
shock features were observed in lunar rocks, including deformed twins, partial to
completely isotropic or diaplectic glass. Comparing with the Raman results reported in
Chapter 3, similar Raman features and progressive changes was seen from lunar samples.
These similarities indicate that Raman spectra can be used as an effective tool to classify
different shock levels in current and future planetary surface exploration.
Chapter 5 focuses on experimental static study of plagioclase under high-pressure hightemperature (up to 64 GPa and 2200 K) by using laser heating diamond anvil cell and in
situ

synchrotron

X-ray

diffraction.

Data

collected

in

this

chapter

reveals

pressure/temperature induced amorphization and crystallization kinetics of high-pressure
phase changes. Phase diagram of intermediate plagioclase was constructed, and an
unknown high-pressure phase was observed. This phase diagram reveals a wide pressuretemperature range for plagioclase to change from crystalline to amorphization before
melting. Furthermore, the breakdown and phase changes make plagioclase an effective
barometer for estimating the pressure-temperature history of shock events and interpreting
the mineralogy of meteorites, ultimately helping to reconstruct the collisional history of
asteroids in the early Solar System.
Chapter 6 summarizes and concludes Chapters 2, 3 and 4 together, and presents the
behavior of plagioclase under high-pressure and high-temperature with implication of
shock metamorphism classification and phase diagram.
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Chapter 2

2

Methodology

This chapter covers the detailed description of the experimental methods used in this thesis:
in Chapter 3 and 4, Raman spectroscopy was the primary technique used to study shock
metamorphism features; in Chapter 5, high-pressure high-temperature experiments on
plagioclase were conducted using laser heating diamond anvil cell and synchrotron X-ray
diffraction.

2.1 Feldspar samples
Feldspar samples collected from Mistastin Lake impact structure and the Moon are used in
Chapter 3 and 4 (see Tables in those chapters for details on the samples used). Samples of
feldspar used as reference materials were gifted by Dr. Tony Withers (see Table 2-1).
Table 2-1. List of feldspar with potential to use as unshocked reference materials.
Sample
Number

Plagioclase

2400

Bytownite

2402
2452
2453
2454
2500
2505
2506
2507
2509
2510
2511
2550
2600
2602
2603
2604

An-Ab-Or content
(mol%)

Location

Eycott Hill, Keswick, Cumberland,
England
Bytownite Nuevo Cadas Grande Mexico
Labradorite Unknown
Labradorite Ylamaa, Finland
Labradorite Labrador
Anorthite
Miyake-Jima, Tokyo, Japan
Anorthite
Sibena
Anorthite
Tunabery, Sweden
Anorthite
Silesia, Germany
Anorthite
Bad Vermilion Lake, Ontario
Anorthite
Miyake Island, Japan
Anorthite
Miyake Island, Japan
Andesine
Risor, Norway
Albite
Amelia Courthouse, Virginia
Albite
Villeneuve Tp., Ottawa Co.,Quebec
Albite
Bathurst Tp., Lanark Co., Ontario
Albite
Morefield Mine, Amelia, Virginia

An51Ab46Or2
An51Ab46Or2
An96Ab4

An11Ab87Or2
Ab99
An7Ab92Or1 + Ab4Or96

To select the unshocked feldspar reference materials, the feldspar pieces were polished and
Raman spectra were collected first to make sure they have decent Raman features with
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little to none fluorescence background, then their compositions were examined by
microprobe analysis to make sure there was little to no exsolution. Eventually, samples
2454, 2500, 2550, 2600 were used in Chapter 3; 2500 was used in chapter 4; and 2454 and
2500 were used in Chapter 5.

2.2 Sample analytical techniques
2.2.1

Microscope

Rock samples and polished thin sections were examined using a Nikon Eclipse LV100POL
compound petrographic microscope fitted with a Nikon DS-Ri1 (12.7 Mpx) digital camera
to identify minerals and characterize microscopic shock features, at in the Earth and
Planetary Materials Laboratory, University of Western Ontario.

2.2.2

Electron microprobe

Chemical composition of the polished plagioclase pieces and thin sections made from
Mistastin Lake samples were analyzed using the JEOL JXA-8530F Field Emission
Electron Probe Micro-Analyser (FE-EPMA) at the Earth and Planetary Materials
Laboratory at the University of Western Ontario. Backscattered electron (BSE) imaging
and energy dispersive spectroscopy (EDS) was used to investigate the microtextures and
to confirm mineralogy. The chemical composition of mineral phases was quantitatively
determined using wavelength dispersive spectroscopy (WDS). The operating conditions
were dependent on the phase being analyzed. For plagioclase and oxide grains, an
accelerating voltage of 15 keV with a focused beam current of 20 nA and a spot size of 5
μm was used. The counting times were 30 seconds for all elements in plagioclase except
for Ti, Ca, and K where 20 seconds were used. Standard ZAF matrix corrections were
applied to all analysis. Natural and synthetic standards were used: Albite (CM Taylor) for
Na and Si, Orthoclase (CM Taylor) for Si and K, and Anorthite (Smithsonian USNM
137041 - Great Sitkin Island, AL) for Al and Ca. The detection limit for these elements is
100 ppm and the range of error is ±1 wt%. To observe the compositional variation, data
from several spots within one crystal/target area were collected. To prevent Na loss caused
by ion loss during electron beam bombardment, beam current was reduced and defocussed
if needed.

20

21

2.2.3

Powder X-ray diffraction

To study the crystal structure and calculate the stress and strain ofshocked plagioclase
samples and unshocked labradorite crystals were powdered and examined by powder Xray diffraction (XRD) using a Bruker D8 Discover diffractometer with theta-theta
instrument geometry (Fig. 2-1) at the University of Western Ontario. The geometry has a
sealed cobalt source, Gobel mirror parallel beam optics, a pinhole collimator (100 or 300
μm), and two-dimensional (2-D) general area detector diffraction system (GADDS).
Samples were analyzed in omega scan mode, where the X ray optics (source = θ1; detector
= θ2) were rotated through an omega angle ω, at fixed 2θ. For powder samples, counting
time was 30 minutes f or GADDS frame 1 (θ1=14.5°, θ2=21 °, ω= 8) and 45 minutes for
GADDS frame 2 (θ1=35°, θ2=40°, ω=18.5. The resulting diffraction patterns were
imported into the evaluation software (Bruker DiffracPlus™ EVA) where phases were
identified using the International Center for Diffraction Data (ICDD) database after
baseline subtraction. Rietveld refinement was conducted to calculate stress and strain.

Figure 2-1. Bruker D8 diffractometer (θ-θ geometry) setup.
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2.2.4

Raman spectroscopy

When photons of a single wavelength (monochromatic light) interact with matter, the inelastically scattered phenomenon is called Raman Effect. With Raman scattering, the
incident photons interact with matter and the vibrational energy of molecules is either
shifted up or down. The photon interacted with the electron cloud of the bond functional
groups exciting molecule into a virtual state. The molecule then relaxes into an excited or
ground vibrational or rotational state. This causes the photon to lose some of its energy
and is detected as Stokes Raman scattering (Fig. 2-2). On the other hand, if the photons
interact with the molecule in vibrational state, and raise the molecule to the virtual state.
When the molecule returns to the ground state the scattered photon gain energy, and is
detected as anti-Stokes Raman scattering. This loss or gain of energy of inelastic scattered
photons is directly related to the functional group, the structure of the molecule, the types
of atoms in that molecule and its environment. Therefore, Raman spectroscopy can
provide a fingerprint analysis on the vibration or rotation of materials.

Figure 2-2. Jabłoński energy-level diagram showing the real electronic excited states
involved in fluorescence, and virtual states involved in elastic (Rayleigh) and inelastic
(Raman) scattering.
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Initially Raman spectroscopy was considered a physics curiosity until the invention of
lasers. Lasers that became available during the 1960s were able to provide high irradiance
of monochromatic light onto the sample for recording the Raman spectra. Since then,
Raman spectrometers have significantly profited from technical development and prove to
be a great analytical tool for Earth and Planetary materials with lots of advantages
including: 1) positive identification of solids (including Raman-active minerals and
glasses) and fluids (including melts, aqueous solutions, liquids, and gases); 2) nondestructive; 3) no sample preparation needed; 4) time efficient and excellent spatial
resolution. Different choice of laser and optics makes Raman spectroscopy a powerful and
versatile tool to use in many fields both on the Earth and other planets (Mars2020 and
ExoMars mission). In this thesis, two Raman systems were used, as in Figure 2-3.

Figure 2-3. A) Renishaw InVia Reflex Raman Spectrometer and B) a custom-built
Raman system used in this study.
For the thin sections examined in Chapter 3 and 4, Raman spectra of microscopic features
were collected using a Renishaw InVia Reflex Raman Spectrometer at Surface Science
Western (SSW). An argon-ion laser with a wavelength of 514.5 nm was used as an exciting
source. The spectrometer was calibrated with a Si crystal. The sample excitation and Raman
signal collection were performed using 50 X (numerical aperture (N.A.) = 0.75) and 100
X (N.A. = 0.90) objective lenses in confocal mode on the Raman microscope. The laser
spot size was focused to ~2 m on the sample with power no more than 6 mW. The Raman
spectra were collected from 126 to 2000 cm-1 with 1800 grooves/mm grating in a confocal
mode. The spatial resolution is 0.5 µm, the FWHM resolution is 0.3 cm-1. The collecting
time varied from 60 to 720s in order to obtain sufficient intensity. The instrument control
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and data collection are performed by the software WiRE. The Raman shift of each band
was obtained by Lorentzian curve fitting using the PeakFit program (SPSS Inc., Chicago).
For the diamond anvil cell used in Chapter 5, high-pressure and room-temperature single
crystal Raman study was performed on the micro-Raman system at the High-Pressure
diamond anvil cell lab, University of Western Ontario. The micro-Raman system is a
custom-built system with a 514.32 nm laser and 500-mm focal length spectrometer. The
beam size is focused by a 50 X objective and estimated to have a spot size of about 2-µm.
The laser power onto the sample is about 6 mW. The instrument control and data collection
are performed by the software WinSpec.

2.3 High-pressure high-temperature experiments
To study the phase changes of plagioclase under controlled pressure and temperature
conditions, laser-heated diamond anvil cell together with synchrotron X-ray diffraction
was the main technique used in Chapter 5.

Figure 2-4. In situ synchrotron X-ray diffraction experiment.

2.3.1

Diamond anvil cell (DAC)

The DAC is a static high-pressure apparatus capable of generating several hundreds of GPa
for a wide range of in situ P-T measurements. All DACs use two opposing diamond anvils
to generate P and provide transparent windows for optical and x-ray access. It has been
used for almost 60 years and holds the static pressure record generated in laboratories on
the earth. The principle of the DAC design is simple: two opposing diamond anvils with
small culets point to each other (Fig. 2-5). As P is defined by a force per unit area, using
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the hardest known material diamond as the anvils allow ultrahigh P generation on the
sample, which is squeezed in between two small culets at the tip of the anvils. Recently,
many high-pressure DAC techniques have been developed to make it possible to generate
pressures up to 400 GPa, such as the usage of a gasket, a beveled anvil design, different
types of seat (e.g. Li et al. 2018; Mao et al. 2018). Pressure is usually measured by using
pressure standard, such as ruby, Au, NaCl etc. To maintain hydrostatic conditions in a
regular high-pressure DAC, an appropriate pressure medium should be sealed along with
the sample including gas (Ar, He, Ne or N2), liquid (silicon oil or ethanol-methanol in 4:1
ratio) or solid material (NaCl, KBr and MgO) depends on the target pressure. Furthermore,
since higher T region is accessed by the laser-heating technique invented by Ming and
Bassett (1974), it is now possible to heat the sample in a DAC from room temperature to
1200–6700 K (Boehler, 2000). The infrared (IR) laser passes through the transparent
diamond window and spot heats only the laser-absorbing samples without heating the
anvils, gasket, and other DAC components.

Figure 2-5. Structure of diamond anvil cell.
In this study, in order to achieve pressure ranging up to 70 GPa, diamond with 300 µm
culets were selected. Diamonds were glued using epoxy on tungsten carbide seats and then
mounted into the DAC and perfectly aligned. The epoxy is mixed with a catalyst (7-10%
of hardener by weight). Rhenium/steel gaskets were used as sample chamber. The
preparation for the samples chamber includes: 1) mounting the gasket inside DAC between
two diamonds; 2) pre-indentation of the gasket (calibrated by ruby and water) to around 30
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µm; 3) drilling the hole in the center of the pre-indented region with a diameter of 150 µm.
Configuration of the diamond anvil cell used in this study is shown in Figure 2-5.
Samples were mixed with 10% platinum powder which served as a heat absorber and
internal pressure standard. The sample mixtures were compressed into a ~15-20 µm thick
disc and loaded in a 120-150 µm diameter rhenium/steel gasket sample chamber, which
was pre-indented to a thickness of 30-35 µm. Neon was loaded as a pressure medium to
maintain the samples in a quasi-hydrostatic environment and thermal insulator. Several
sample chips were placed below the sample foil so that pressure medium could flow under
the sample. One to two ruby spheres were used as the second pressure standard for gasloading. The gas loading was operated at GeoSoilEnviroCARS, Advanced Photon Source.
Ruby pressures are determined by the ruby fluorescence method and platinum pressure is
determined by the equation of state of platinum (Fei et al. 2007).

2.3.2

Synchrotron X-ray diffraction

To analyze micron scale samples and examine the behavior of the material under extreme
conditions, synchrotron radiation is one of the most effective tools in mineral physics
research and has proven to be extremely helpful in geosciences, environmental and material
sciences. Since its first demonstration in the 1950s, synchrotron facility has evolved from
1st to 3rd generation (which has already been in use at Advanced Proton Source, Chicago,
for almost 20+ years). Synchrotron radiation is electromagnetic radiation emitted radially
by electrons in a magnetic field (Sokolov and Temov, 1967). Third generation synchrotron
facilities produce highly collimated light that covers a broad spectrum (from 1 keV to 40
keV). Synchrotron x-ray radiation provides powerful, penetrating, versatile probes for a
full range of diagnostic studies of samples in DACs. XRD has long been the most basic
probe for the in-situ identification of high Pressure-Temperature phases and the
determination of Pressure-Temperature-Volume equation of state and other elastic
properties.
In this study, in situ high-pressure and high-temperature synchrotron X-ray diffraction
(XRD) experiments were performed at beamline 13-ID-D of the GeoSoilEnviroCARS,
sector of the Advanced Photon Source. Monochromatic X-ray beam with a wavelength of
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0.3344 Å was focused to a beam size of 3 µm × 4 µm (Prakapenka et al. 2008). LaB6 was
used for sample-to-detector distance calibration. Samples were heated by the double-sided
laser heating system with an Neodymium-doped yttrium lithium fluoride (Nd:YLF) fiber
laser with a wavelength of 1053 nm and a heating spot of ~20 µm diameter to achieve
temperatures up to 1900 K. Heating time varies from 60 to 120 mins due to the sluggish
phase transition. The temperature of the heated spots was determined by fitting Planck
equation to the thermal radiation spectra from both sides of the sample. The synchrotron
X-ray diffraction patterns were collected by MAR 345 CCD detector with exposure times
of 10 or 30 s during heating and after temperature quench. X-ray diffraction mapping of
the quenched heating area was performed.
The quenched products were also examined at beamline 13-BM-C, sectors of GSECARS,
Advanced Photon Source. LaB6 was used for sample-to-detector distance calibration. The
wavelength of the monochromatic X-ray beam at 13-BM-C was 0.434 Å and beam size
was focused to 12 µm ×18 µm. X-ray diffraction patterns were collected by twodimensional MAR CCD and the exposure time of each image was 90-120 seconds. Twodimensional images of synchrotron X-ray diffraction pattern were integrated and reduced
to one-dimensional patterns using Dioptas software (Prescher et al. 2015).
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Chapter 3

3

Raman study of shock features in plagioclase feldspar
from the Mistastin Lake impact structure, Canada

3.1 Introduction
Impact cratering is a fundamental process that plays an important role in the formation and
evolution of planetary bodies in the solar system. Minerals and rocks on planetary surfaces
and interiors subjected to hypervelocity impact undergo a progression of deformation and
display a variety of so-called shock effects (e.g., French and Short 1968; Stöffler 1972;
Melosh 1989; French and Koeberl 2010; Ferrière and Osinski 2013). For the past halfcentury, shock effects have been studied extensively in rock-forming silicates, such as
quartz and feldspar (e.g., French 1968; Robertson and Grieve 1977; Stöffler 1971;
Alexopoulos et al. 1988; Grieve et al. 1996). Nowadays, shock features in quartz are used
as a standard diagnostic indicator for shock classification schemes, primarily due to its
simple composition and crystal structure, together with a range of different shock
deformation effects over a wide range of shock pressures, including planar deformation
features (PDFs) and diaplectic glass (e.g., Robertson and Grieve 1977; Stöffler and
Langenhorst 1994; Dressler 1990; Ferrière et al. 2009; French and Koeberl 2010; Stöffler
et al. 2018; Pati et al. 2019). However, knowledge of shock metamorphism in quartz-free
or -poor, feldspar-rich systems, such as the Moon, Mars and asteroids, is still poorly
understood. Due to the complex chemical and crystal structure, the presence of solid
solution, and the common presence of cleavage, it is more complicated to study shock
metamorphism in feldspar than in quartz. Studies of shock features in feldspar were first
conducted with optical microscopy using natural samples from terrestrial impact craters
and meteorites (e.g., Chao 1968; Von Engelhardt and Stoffler 1968; Kieffer et al. 1976;
Walawender 1977; Short and Gold 1996). A range of shock features were reported,
including reduced refractive index, offset and bent twins, planar features, PDFs,
mosaicism, partial to complete amorphization, and melting. Shock level classification
systems based on these optical shock features were then developed (e.g., Stöffler 1971;
Stöffler et al. 1991; Singleton et al. 2011; Stöffler et al. 2018).
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To help understand the natural impact process, dynamic shock experiments and highpressure static experiments on feldspar have also been conducted to reproduce shock
features under controlled pressure and temperature conditions (e.g., Milton and De Carli
1963; Hörz and Quaide 1973; Ostertag 1983; Stöffler 1984; Tomioka et al. 2010; Jaret et
al. 2018; Fritz et al. 2019). More recently, a number of workers employed advanced
modern analytical techniques to study crystallinity changes and structural deformation in
feldspar, including X-ray Diffraction (XRD) (e.g., Sims et al. 2019), cathodoluminescence
(e.g., Kayama et al. 2009), thermal infrared (IR) (e.g., Johnson et al. 2002, 2003), electron
backscatter diffraction (EBSD), micro Fourier transform-infrared (micro-FTIR)
spectroscopy, and Raman spectroscopy (Velde and Boyer 1985; Velde et al. 1989;
Heymann and Hörz 1990; Reynard et al. 1999; Fritz 2005). Optical observations of
experimentally shocked samples combined with spectroscopic data indicate that feldspar
will progressively lose crystallinity and become increasingly amorphized with increasing
pressure, eventually becoming completely amorphized (i.e., be converted to diaplectic
glass). Among the various spectroscopy methods being employed, Raman spectroscopy
has been widely used and has proven to be efficient for distinguishing and characterizing
shocked minerals (Velde and Boyer 1985; Heymann and Hörz 1990; Reynard et al. 1999;
Chen and El Goresy 2000; Farrell-Turner et al. 2005; Fritz et al. 2005; Freeman et al. 2008;
Jaret et al. 2014; Jaret et al. 2018; Fritz et al. 2019). Raman spectroscopy is sensitive to
chemical bond vibrations and crystal structure under different pressure-temperature
conditions. For Raman features of silicates, the tectosilicate structure of feldspar with fully
linked tetrahedra is distinct from those of ortho-, chain, ring and layer silicates, in which
the TO4 tetrahedra are not linked with other TO4 units (Deer et al. 2013). The Raman
features of feldspar minerals are thus distinctly different from those of other tectosilicates
such as quartz and zeolites (Matson et al. 1986; Sharma et al. 1983). Raman results from
experimentally shocked feldspar show systematic changes including band broadening,
reduction of intensity, and peak loss, as shock pressure increases (e.g., Jaret et al. 2018;
Fritz et al. 2019). However, there have been no systematic Raman spectroscopy studies of
naturally shocked feldspar from a complete range of shock levels from a specific terrestrial
impact structure. Due to a combination of erosion, poor exposure, and/or sampling
limitations, previous studies have mostly focused on feldspar in clasts in impact melt rocks
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(Grieve 1975; Marchand and Crocket 1977; McCormick et al. 1989; Marion 2009; Marion
and Sylvester 2010; Jaret et al. 2014; Mader and Osinski 2018) or specifically on the
formation of diaplectic glass with plagioclase compositions, also known as maskelynite
(Bunch et al., 1967; von Engelhardt and Stöffler, 1968; Hörz and Quaide, 1973; Stöffler et
al., 1991; Chen and El Goresy 2000; Rubin, 2015; Jaret et al. 2015). This motivated our
Raman study of plagioclase feldspar from the Mistastin Lake impact structure, Canada.
The Mistastin Lake impact structure is located in central Labrador, Canada (55°53’N;
63°18’W). It was dated at 36.6 ± 2.0 Ma by Young et al. (2013) based on in situ laser
ablation
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Ar/39Ar geochronology dating on impact melt rock samples. The structure is

outlined by of an oval-shaped lake located in a large depression that is enclosed by a ring
of hills approximately 28 km in diameter that are generally regarded as the apparent crater
rim (Grieve 2006). The target rocks are dominated by granodiorite, quartz monzonite, and
anorthosite (Grieve 1975; Mader and Osinski 2018), providing an excellent opportunity to
better understand how impact events modify crystalline target rocks and minerals. The
majority of studies of the Mistastin Lake impact structure have focused on geochemical
analysis and characterization of the various impact breccias and impact melt rocks (Grieve,
1975; Currie 1971; Marchand and Crocket 1977; Velde and Boyer 1985; Marion and
Sylvester 2009; Mader and Osinski 2018). Pickersgill et al. (2015a, b) examined shock
features in plagioclase feldspar from Mistastin Lake structure using optical microscopy and
X-ray Diffraction (XRD). It is notable that with an X-ray beam size of 300 µm, phase
identification from XRD measurements is often poorly constrained. Our study uses Raman
spectroscopy with a laser beam size of 1–2 µm, which permitted us to examine finer
features within shocked plagioclase feldspar. In addition, we also collected Raman spectra
from different orientations of unshocked plagioclase feldspar crystals to provide
orientation-dependent Raman spectra references. This work is also motivated by the fact
that the Raman spectroscopy is a non-destructive technique, sensitive to crystallinity and
deformation. Raman spectrometers will fly on both the Mars 2020 Perseverance rover and
the ExoMars 2022 rover missions (e.g., Beegle et al. 2015; Rull et al. 2017). Given the
high probability that both these missions will encounter shocked material on the surface of
Mars, our work may serve as a fundamental Raman reference for these upcoming missions.
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3.2 Methods and samples
Shocked feldspar-bearing rock samples were collected previously by Annemarie E.
Pickersgill, Alaura Singleton, Marianne Mader, Cassandra L. Marion and Marc
Beauchamp during three field seasons (2009, 2010 and 2011) from locations throughout
the Mistastin Lake impact structure (Fig. 3-1). Sample locations and sample details are
listed in Table 3-1. Most samples in this study were collected from the anorthosite target
rock, monomict breccia, and melt-free, -poor and -bearing impact breccias, overlapping
with most of the samples used in the earlier studies of Pickersgill et al. (2015a, b) and
Mader and Osinski (2018). In addition, four plagioclase crystals with different composition
collected from Japan, Canada, Norway and Virginia (see Table 3-2) were used as
“unshocked” plagioclase reference material for Raman measurements.
Table 3-1. Sampling and sample information for the Mistastin Lake impact structure
samples used in this study (modified from Pickersgill et al. 2015a) and the shock
features observed in plagioclase feldspar.
Crater
location

Geographic
location

Rock type

Sample name

Central
uplift

Horseshoe
Island

Parautochthonous
target rock
(anorthosite)

MHI10-04, 17, 23, 35,
51, 54, 54-2;
MST09- 25, 26

Coté Creek

Clast-rich impact
melt rock;
monomict breccia;
polymict impact
breccia (melt
bearing)

MM09- 35A, 35D,
35E; MM10-05-B1,
05-B2, 06-A2, 06-A3,
06-D2, 09-B, 10, 11,
12-2, 13-1, 13-2, 16,
17-A, 17-B, 34-A, 34C2, 34-C5

Piccadilly
Creek

Monomict breccia

MM10-20, 20-1, 20-2,
24, 25, 28, 30

South Creek

Monomict breccia

MM10-36-B1, 36-B2,
38, 39, 40, 41-1, 42,
43, 44, 45, 46-2

Inner
terrace

Inner
terrace

Discovery
Hill

Terrace

Steep Creek

River Island
Rim
Rim’s End

Polymict impact
breccia (meltbearing)
Polymict impact
breccia (meltbearing)
Target rock
(Mangerite,
Granodiorite)
Target rock
(Mangerite)

Shock features observed in
plagioclase
Fractures, deformed twins,
undulatory extinction,
planar features, diaplectic
glass

Fractures, deformed twins,
undulatory extinction,
diaplectic glass

Fractures, deformed twins,
undulatory extinction,
diaplectic glass
Fractures, deformed twins,
undulatory extinction,
diaplectic glass

MM10-01-C

Fractures, undulatory
extinction,

MM09-10

Fractures, undulatory
extinction, diaplectic glass

MM10-32-A, 32-B, 33

Fractures, undulatory
extinction,

MM10-47, 48

Fractures,
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Figure 3-1. A simplified geological map of the Mistastin Lake impact structure
showing three main target lithologies (anorthosite, granodiorite, and mangerite).
Boxes outline areas of interest and the locations of the collected samples are marked
on the map as open circles. Note that outcrops of the various impact breccias are too
small to be shown at this scale. The dashed line indicates the apparent crater rim
adapted from Mader and Osinski (2018). Modified from Marion and Sylvester (2010)
and Pickersgill et al. (2015a).
Sixty-five polished thin sections were examined for microscopic features, using a Nikon
Eclipse LV100POL compound petrographic microscope. Quantitative chemical
composition was determined using a JXA-8530F field emission electron probe
microanalyzer (FE-EPMA) in the Earth and Planetary Materials Analysis Laboratory at the
University of Western Ontario. Beam operating conditions included accelerating voltage
of 10-15 kV, probe current of 20 nA, and a beam diameter of ~5 μm. Mineral calibration
standards used for wavelength dispersive spectrometry (WDS) analyses were as follows:
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Albite (CM Taylor) for Na and Si, Orthoclase (CM Taylor) for Si and K, and Anorthite
(Smithsonian USNM 137041 - Great Sitkin Island, AL) for Al and Ca. The detection limit
for these elements is 100 ppm. To observe the compositional variation, data from several
spots within one crystal/target area were collected. To prevent Na loss caused by ion loss
during electron beam bombardment, measures as suggested in Reed (2005), including
reducing beam current and defocussing the beam, were taken into account.
Five plagioclase samples were powdered and their crystal structure was determined by
powder X-ray diffraction (XRD) using a Bruker D8 Discover diffractometer with thetatheta instrument geometry. The geometry has a sealed cobalt source, Gobel mirror parallel
beam optics, a pinhole collimator (100 or 300 μm), and two-dimensional (2-D) general area
detector diffraction system (GADDS). The resulting diffraction patterns were imported
into the evaluation software (Bruker DiffracPlus™ EVA) where phases were identified
using the International Center for Diffraction Data (ICDD) database after baseline
subtraction. Rietveld refinement was also conducted to calculate stress and strain.
Raman spectra of microscopic features in 65 thin sections were collected using a Renishaw
InVia Reflex Raman Spectrometer at Surface Science Western (SSW). An argon-ion laser
with a wavelength of 514.5 nm was used as exciting source. The spectrometer was
calibrated with a Si crystal. The sample excitation and Raman signal collection were
performed using 50 X (numerical aperture (N.A.) = 0.75) and 100 X (N.A. = 0.90) objective
lenses in confocal mode on the Raman microscope. The laser spot size was focused to ~2
m on the sample with power no more than 6 mW. The Raman spectra were collected from
126 to 2000 cm-1 with 1800 grooves/mm grating in a confocal mode. The spatial resolution
is 0.5 µm, the FWHM resolution is 0.3 cm-1. The collecting time varied from 60 to 720 s
in order to obtain sufficient intensity. The Raman shift of each band was obtained by
Lorentzian curve fitting using the PeakFit program (SPSS Inc., Chicago). To make sure the
results were consistent, 4 to 10 spectra within each target area were collected, and the
spectra presented here are representative of the designated target. Importantly, all spectra
presented in the same figure were collected with the same settings and collection time. In
addition, to explore the influence of epoxy from the thin section, Raman spectra of 20 rock
slabs (leftover from making the thin sections) were also collected. Raman spectra of
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unshocked plagioclase crystals with different composition were also measured as
references.

3.3 Results
3.3.1 Chemical composition of feldspar
The electron microprobe data indicate that the feldspar samples from Mistastin Lake are
dominated by plagioclase feldspar with compositions in the range Anorthite 28–55% (Fig.
3-2). Most of the plagioclase crystals from the faulted rim region and from the central part
of the impact structure have a composition around An50 with a low K content (Or1-6),
whereas some plagioclase grains collected near the rim have relatively lower An content
around 30 (Fig. 3-2). Back-scattered electron (BSE) images of most plagioclase grains (Fig.
3-3) do not show zoning, but variable amounts of small K-feldspar (composition of Or94)
exsolution lamellae are present. No direct relation between the exsolution lamellae and
shock features were observed. We selected four unshocked plagioclase specimens for
analysis, as listed in Table 3-2, together with the average composition of plagioclase and
diaplectic plagioclase glass from Mistastin Lake.
Table 3-2. Composition of plagioclase and diaplectic glass from Mistastin Lake and
unshocked plagioclase references materials, obtained by EPMA. wt% = mean
composition in weight%; SD = standard deviation; An-Ab-Or content in mol%.
Location

Mistastin Lake

Mistastin Lake

Amelia
Courthouse,
Virginia

SiO2
Al2O3
Na2O
CaO
K 2O
FeO
MgO
TiO2
BaO
Total
An
Ab
Or

Plagioclase
wt%
S.D.
55.90 0.65
27.59 0.5
5.21
0.33
10.40 0.4
0.38
0.08
0.25
0.05
0.00
0.02
0.03
0.01
0.05
0.01
99.80
51.27
46.52
2.20

Diaplectic glass
wt%
S.D.
55.82 0.62
28.18 0.4
4.92
0.5
10.20 0.4
0.57
0.07
0.21
0.05
0.01
0.02
0.00
0.01
0.05
0.01
99.96
51.58
44.97
3.45

Albite
wt%
69.35
19.65
11.51
0.00
0.16
0.00
0.00
0.03
0.00
100.71
0.01
99.07
0.92
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Risor,
Norway

Labrador,
Canada

Oligoclase
wt%
66.63(5)
21.58(4)
10.21(1)
2.35(7)
0.25(5)
0.10(5)
0.00
0.02(0)
0.00(0)
101.14(8)
11.15(0)
87.41(3)
1.43(6)

Labradorite
wt%
56.22(7)
27.98(6)
5.24(5)
10.46(5)
0.38(8)
0.22(7)
0.01(6)
0.00(9)
0.01(6)
100.57(9)
51.25(2)
46.48(5)
2.26(3)

MiyakeJima,
Tokyo,
Japan
Anorthite
wt%
44.56(9)
35.49(4)
0.45(1)
19.15(3)
0.01(5)
0.38(8)
0.08(9)
0.00(7)
0.00(2)
100.15(8)
95.82(7)
4.08(3)
0.08(9)
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Figure 3-2. Ternary diagram showing the chemical composition of feldspar from the
Mistastin Lake impact structure.

Figure 3-3. Back-scattered electron images showing K-feldspar (Kfs, lighter grey)
exsolution within plagioclase grains (Pl, darker grey) from the central uplift (Horseshoe
Island) in Mistastin Lake. A) K-feldspar patches in plagioclase (sample MHI10-23) and
B) fine K-feldspar exsolution lamellae (sample MHI10-17).
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3.3.2 Raman spectra of unshocked plagioclase
The Raman spectra of the plagioclase reference materials are provided in Figure 3-4,
together with one spectrum from K-feldspar (Or94, sample MHI10-17 from the central
uplift in Mistastin Lake). The most characteristic Raman features of feldspars are observed
to be two or three Raman peaks between 460 and 515 cm–1; the exact position of these
peaks and the distance between the two diagnostic peaks varies with composition. The
composition and the full widths at half maxima (FWHM) of the indicative bands between
460 and 515 cm-1 are listed in Table 3-3. Peak positions of plagioclase references materials
and vibrational band assignments are listed in Table 3-4 (Sharma et al. 1983; McKeown
2005). The Rietveld refinement method was applied and confirms these reference samples
to be stress- and strain-free.
For anorthite, the two strongest bands correspond to motion of the oxygen atom along a
line bisecting the T-O-T angle (T= Si or Al) and the peaks within the 400 to 600 cm-1 region
are characteristic of the four-membered rings of tetrahedra in the feldspar structure
(Sharma et al. 1983, and references within). Among plagioclase with other compositions,
this symmetric stretch vs(T-O-T) mode is also observed to be the strongest, but the intensity
and positions of the major peaks are slightly different. Our data suggest that changes in
cations and the Si/Al ratio in feldspar have limited influence on the Raman position of the
vs (T-O-T) band. It should also be noted that plagioclase of intermediate composition (e.g.,
labradorite) has fewer peaks than those of the endmembers (i.e., albite and anorthite), and
the two distinct peak positions are not exactly at the midpoint between two crystalline endmembers. Instead, the peaks occur at higher frequencies and are slightly broader than albite
and anorthite. The Raman spectrum of K-feldspar is different from those of the plagioclase
solid solution series with different peak positions and distances between the two/three most
intense peaks. Raman data can, therefore, be used to distinguish K-feldspar exsolution in
small areas (e.g., Fig. 3-3B) without the need for SEM analysis or EPMA data.
The second most intense set of Raman peaks are the ones below 350 cm-1. The peaks in
this range are reported to be from lattice vibration (Wood 1964; Sharma et al., 1983;
McKeown et al., 2005). Raman spectra from different crystal faces of the single crystal
plagioclase An51 reference were collected and stacked in Figure 3-5. Importantly, peaks
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positioned below 350 cm-1 show similar wavenumber but vary in intensity, indicating an
orientation-dependent intensity on the lattice vibration. The intensity ratio of two signature
peaks between 480 and 510 cm-1 also varies with different crystal orientation (Fig. 3-5).
Raman peaks above 600 cm-1 tend to be relatively weak and their positions are all
depending on the composition. According to Sharma et al. (1983), the high wavenumber
modes in the 900–1200 cm-1 region that give rise to relatively weak Raman bands but
strong infrared bands, are associated with the motion of the oxygen atom along the line
parallel to T-T and are assigned to the asymmetric stretch vas(T-O-T) mode.

Figure 3-4. Raman spectra of plagioclase reference materials with different chemical
compositions.
Table 3-3. Raman peak positions and FWHM of different plagioclase compositions
from this study.
Plagioclase

Composition

Anorthite

An96Ab3Or1

Labradorite

An51Ab46Or3

Oligoclase

An11Ab87Or2

Albite

An1Ab98Or1

Main Peak (cm-1)
485.2
<
503.9
479.6
<
509.8
478.5
<
507.3
478.4
<
506.8
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FWHM (cm-1)
11.0(5)
13.5(5)
17.0(5)
19.8(5)
9.6(5)
10.7(5)
7.6(5)
7.9(5)
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Figure 3-5. Raman spectra collected from an An51 plagioclase single crystal at
different orientations. Yellow dots indicate the oriented crystal faces where Raman
spectra were collected.
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Table 3-4. Raman frequencies (cm-1) for members of the Ab–An plagioclase series
collected in this study and vibrational band assignments.
An01 An11 An51 An95
162
185
209
251
269
290
327

162
184
207
251
290
328

178
204
286
-

144
184
247
283
322

-

-

-

400

407
415
478
507
579
646
763
814
977
1008
1031
1044
1100
1112

407
478
507
576
633
646
763
814
978
1033
1100
-

480
519
549
567
792
987
1084
-

426
438
486
504
525
559
590
621
639
661
742
769
893
913
940
977
1003
1127

Anorthite
(Sharma et al., 1983)

Albite
(McKeown et al., 2005)

Tetrahedral cage-shear modes
Cation (Ca, Na) and lattice the
four-membered
ring
mode
rotation–translation modes

νs(T-O-T)
4-member
ring-breathing
symmetric T–O–T stretching modes of the tetrahedra
modes
(T: Si or Al)

asymmetric O–T–O bending
modes
(T: Si or Al)
tetrahedral deformation
T-T stretching modes
(T: Si or Al)

νas(Si-O-Al)
vibrational stretching modes
of the tetrahedra
νas(Si-O-Si)
T–O
stretching
occurring
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3.3.3 Raman spectra of microscopic features in shocked plagioclase
A variety of shock features were observed within plagioclase feldspar samples from the
Mistastin Lake impact structure, including fractures, deformed twins (curved and kinked
twins), undulatory extinction (or undulose extinction), planar features, and partially
isotropic to fully isotropic plagioclase (i.e., diaplectic glass), in good agreement with
Pickersgill et al (2015b). Planar deformation features (PDFs) were also documented in
quartz. Whole rock impact glass is also present in some of the impact melt-bearing breccia
samples but is not a focus of this study. The locations of the impact breccia samples are
provided in Figure 3-1 and Table 3-1; a summary of the observed shock features is also
provided in Table 3-1.

3.3.3.1 Fractures and deformed twins
Fractures and twinning are common in plagioclase; although twinning can be only be
observed under cross-polarized light. Deformed twins were observed in several samples
from throughout the Mistastin Lake structure, including bent, kinked, and offset features
(Fig. 3-6). Some plagioclase containing kinked twins displays more fractures; more
fractures do not necessarily mean more deformed twins. Raman spectra collected from
heavily fractured areas in plagioclase grains demonstrate almost indistinguishable Raman
features from the ones of unshocked areas. For the spectra collected from undeformed
twins (e.g., spectra A and B in Fig. 3-7), the two most intense diagnostic peaks stay in the
same position at 480 and 510 cm-1, while the peaks from lattice modes below 350 cm-1
show slightly different features, which can be attributed to the different crystal orientations.
Comparing the spectra of deformed (spectra C and D in Fig. 3-7) and undeformed twins
(spectra A and B in Fig. 3-7), the Raman features collected from the most distorted areas
show weaker intensity at lower wavenumber peaks. For the deformed twins, the weaker
intensity of Raman peaks of lattice mode under 350 cm-1 suggests slight deformation of the
crystal lattice.
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Figure 3-6. Transmitted light photomicrographs of shocked plagioclase features. PPL= plane
polarized light; XPL= cross-polarized light. A, B) Fractures and cleavage are common within
plagioclase from shocked anorthosite at Mistastin. Sample MM10-20-1 from the central
uplift, Horseshoe Island; C, D) Irregular fractures within plagioclase (sample MM10-34C-5)
from melt-poor polymict breccia, inner terrace, Coté Creek; E, F) Bent twins (seen under
XPL, the twins are slightly curved compared to the straight dash lines) within plagioclase
from shocked anorthosite, central uplift, Horseshoe Island (sample MHI10-54-2); G, H)
Deformed twins with offsets and fractures forming (seen under XPL) within plagioclase from
melt-poor polymict breccia, inner terrace, Coté Creek (sample MM10-34C-2).
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Figure 3-7. Undeformed and deformed twins and their Raman spectra. XPL = crosspolarized light. Yellow dots indicate the location where the Raman spectra are
collected. A) Undeformed twins; B) Deformed twins. The dashed line indicates the
orientation of the twins; C) Raman spectra collected from the twins: spectra A and B
are collected from spots A and B in image A, spectra C and D are collected from spots
C and D in image B.

3.3.3.2 Planar features
While fractures and deformed twins may not be always shock related, planar deformation
features in quartz have been widely accepted as diagnostic indicators of shock
metamorphism (e.g., French and Koeberl 2010). Given well-developed, undecorated PDFs
in quartz have been observed in samples from the central uplift of the Mistastin Lake
impact structure (Taylor and Dence 1969; Pickersgill et al. 2015b), we conducted a
thorough search for PDFs in plagioclase. Consistent with previous reports (Pickersgill et
al. 2015b), we observed no PDFs; however, we did observe a few microscopic planar
features and they are described below.
Needle like inclusions: Under transmitted light, dark needle-like oriented inclusions
were observed within most unshocked and shocked plagioclase crystals and diaplectic glass
from samples taken throughout the crater, but not in the impact melt rock samples (Figs.
3-8A, B). The needle like inclusions are dark red to black in color with a thickness <5 µm.
Raman spectra confirm that these needles are hematite and/or magnetite (Fig. 3-8C),
consistent with the previous suggestion of these features being “iron-oxide” by Pickersgill
et al. (2015b). Their presence in both unshocked crystalline plagioclase and diaplectic glass
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indicates that these inclusions existed prior to the impact event and survived the formation
of diaplectic glass.

Figure 3-8. Needle-like inclusions observed in plagioclase and diaplectic glass and
their Raman spectra. Orientation of the needle-like inclusions are marked by yellow
lines. The XPL image insets cover the exact same areas as the corresponding PPL
images. PPL = plane-polarized light; XPL = cross-polarized light. A) Needle-like
inclusions in plagioclase, observed in sample MM10-34C-5 from melt-poor polymict
breccia in Coté Creek; B) Needle-like inclusions in diaplectic glass, observed in
sample MST09-25 from anorthosite in the central uplift; C) Representative Raman
spectra of the inclusions, suggested them being a combination of magnetite and
hematite.
Alteration: A fine fibrous texture (each fibre is ~1µm wide) was observed in
plagioclase from the central uplift of the Mistastin Lake structure (Figs. 3-9A, B). Our
observations of these fibrous features suggest that they mainly occur within certain twins
of shocked plagioclase. Raman spectra were collected on the fine fibres as well as the
surrounding area (Fig. 3-9C). Previous XRD and EPMA results suggested that this fibrous
phase was levyne-Ca zeolite (Pickersgill et al. 2015b). Raman spectra from the fibrous area
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shows a peak around 500 cm-1 and a broad band centered around 3550 cm-1. Comparing
with the RRUFF database and previous Raman studies (e.g., Knops-Gerrits et al. 1997),
our Raman results confirm this phase as a zeolite, and the peak around 500 cm-1 is from
νs(T-O-T) (T=Al, Si) and the broad band centered around 3550 cm-1 is from the OH
stretching mode. Raman spectra were collected from various locations within the same
plagioclase grain. From the plagioclase twin without alteration (spots C and D in Fig. 3-9)
to the alteration fibres (spot A in Fig. 3-9), the two main Raman peaks near 500 cm-1
gradually merge together to form one peak and the OH band centered around 3550 cm-1
appears and intensity increases. Raman results suggest that the twin containing the fibrous
area bears more water than the unaltered twin which shows no OH band in the 3000 to
4000 cm-1 range, consistent with the presence of zeolite alteration.

Figure 3-9. Fibrous texture observed in sample MHI10-17 from shocked anorthosite
(central uplift Horseshoe Island) and Raman spectra collected from various areas. A)
and B) plane-polarized (PPL) and cross-polarized (XPL) photomicrographs of
shocked plagioclase. Spot A is in the fibrous area, spot B is in the transition area, and
spots C and D are from the unaltered plagioclase twins. C) and D) Raman spectra
collected from the spots labelled in A) and B). Spectrum C covers the 120-900 cm-1
range, spectrum D covers 3100-3800cm-1 range.
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Planar features: In this study we observed some planar features in plagioclase in
several samples, with the greatest abundance in shocked target rocks from the central uplift
(Fig. 3-10). These planar features always occur in samples in which quartz with PDFs is
present. The planar features observed in plagioclase occur mostly near the edge of two
crystals and are 2–4 µm thick (Figs. 3-10A, B). They are not open fractures when examined
under reflected light. Compared to the mechanical twins observed throughout the crystal
(Figs. 3-10C, D), the planar features are narrower and are darker under cross-polarized
light (Figs. 3-10E, F). Raman spectra of the surrounding birefringent area exhibits normal
Raman features from plagioclase (spectra C and F in Fig. 3-10G); whereas spectra collected
from the planar features (spectra A and D in Fig. 3-10G) exhibit the two main Raman peaks
but they are broader. The same position of these Raman peaks indicates that they share the
same composition and are not K-feldspar exsolution lamellae. The observable Raman
peaks suggest that the planar features are not amorphous. However, when compared to the
surrounding birefringent area, the Raman spectra collected within the planar features show
broader peaks and loss of weak peaks below 350 cm-1. The loss of peaks from lattice modes
indicates a much more disturbed crystal structure, whilst the broadening of the two main
peaks suggests deformation of the TO4 tetrahedra.
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Figure 3-10. Planar features observed in target rock anorthosite samples (MHI10-54)
from the central uplift on Horseshoe Island. PPL = plane-polarized light; XPL =
cross-polarized light. A, B) Planar features observed at the boundary of two
plagioclase grains; C, D) Mechanical twins observed throughout the crystal; E and F)
Close-ups of two areas with planar features. Yellow dots indicate where the Raman
spectra were collected: spots A and D are directly on the planar features, spots B and
E are in the transition area, and spots C and F are in the birefringent areas; G) Raman
spectra collected from the spots in images E and F are labelled accordingly.

3.3.3.3 Diaplectic glass
Petrographically, diaplectic glass appears identical to plagioclase in plane-polarized light,
preserving crystal shapes and boundaries such that the texture of the crystal itself and the
rock remains. In cross-polarized light, diaplectic glass is easily distinguishable, as it is
optically isotropic. Among the samples from Mistastin Lake, diaplectic glass is mostly
observed in the melt-poor breccia samples from the inner terrace and shocked anorthosite
samples from the central uplift. These examples preserve the plagioclase crystal shape and
texture (including inclusions) and are optically isotropic under cross-polarized light (Fig.
3-11). Most of the diaplectic glass observed at Mistastin Lake contains fractures and
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oriented needle-like inclusions described above, just like crystalline plagioclase. We
analyzed 26 diaplectic glass grains, collecting 5–10 Raman spectra in each; three
representative examples are shown in Figure 3-12. These spectra were all collected using
the same Raman set up and with the same collection time. Comparing the Raman features
from unshocked plagioclase with diaplectic plagioclase glass, the two diagnostic peaks in
the Raman spectrum of plagioclase at 480 and 509 cm-1 are no longer seen in the diaplectic
glass spectra. Instead, there is a large hump centered at ~500 cm-1 with a broad shoulder at
580 cm-1; all the other weak peaks are no longer seen, and another hump centered around
1000–1100 cm-1 is observed. The Raman peak positions of diaplectic glass with similar
composition remains consistent; however, the intensity of the features is variable, in both
rock slabs and thin sections. As seen in Figure 3-12, the intensity of spectra A, B and C is
quite different: A shows the strongest intensity, while C shows the weakest. It is also
notable that the intensity of the spectra collected across the same diaplectic glass grain can
also show significant variation (e.g., Fig. 3-12A versus 12B, and Fig. 3-12B versus 12C).
Similar intensity variation was still observable when we extended the collecting time from
120 s to 10 minutes.
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Figure 3-11. Photomicrographs of diaplectic plagioclase glass from the Mistastin Lake impact
structure. The needle like inclusions are indicated by dashed lines. The XPL image insets are
the exact same areas as the corresponding PPL images. PPL= Plane polarized light; XPL=
Cross-polarized light. A) Diaplectic glass in sample MM10-13 from melt-poor polymict
breccia, Coté Creek; B) Diaplectic glass in sample MM10-38 from monomict breccia, South
Creek; C) Diaplectic glass in sample MM10-34A from melt-poor polymict breccia, Coté
Creek; D) Diaplectic glass in sample MM10-34C-2 from melt-poor polymict breccia, Coté
Creek; E) diaplectic glass in sample MM10-34C from melt-poor polymict breccia, Coté
Creek; F) diaplectic glass in sample MM10-34C-5 from melt-poor polymict breccia, Coté
Creek.
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Figure 3-12. Raman spectra of three different diaplectic glass samples: A (Blue) is
from Figure 3-11A, B (Red) is from Figure 3-11B, and C (black) is from Figure 311C. All three spectra were collected with the same Raman set up and collecting time.
Note that all three diaplectic glasses have the same composition An51.

3.4 Discussion
3.4.1 Planar features
Feldspars have been reported to display various shock-related planar structures, including
planar fractures, deformation bands, mechanical twins, kink bands, and planar deformation
features (e.g., French and Short 1968; Stöffler 1967, 1972; Stöffler and Hornemann 1972;
White 1993; French 1998). However, except for PDFs, most of these planar structures are
not uniquely indicative of shock and are not considered an unequivocal indicator of shock
metamorphism (French and Koeberl 2010).
The most PDF-like features in plagioclase we observed were in a sample from the central
uplift (Fig. 3-10). Under cross-polarized light, these planar features appear to be dark and
isotropic while the surrounding area is birefringent. However, their Raman spectra still
display features similar to crystalline plagioclase, suggesting that the planar features are
not completely amorphous. Broadening of the main Raman peaks and loss of lattice mode
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bands in spectra from planar features suggests a more deformed TO4 tetrahedra structure
than surrounding birefringent areas (Fig. 3-10G). Thus, while these planar features we
observed in plagioclase are not completely amorphous – as in PDFs in quartz – we suggest
that these features are consistent with being formed via shock metamorphism.
As previously noted, the lack of observable PDFs in plagioclase is puzzling (Pickersgill et
al. 2015b). There are three potential explanations for this conundrum: either PDFs did not
form in plagioclase at Mistastin or they did form-but they are difficult to observe and/or
were subsequently altered, also hindering their detection. It is possible that the
development of planar features in feldspar is more complicated than in quartz. Indeed,
shock experiments conducted at pressures required to create PDFs in quartz, did not
produce PDFs in shocked feldspar samples (e.g., Gibbons and Ahrens 1977; Jaret et al.
2018; Sims et al. 2019). This is consistent with our observations that PDFs are present in
quartz but absent in plagioclase down to the thin section scale. One explanation is,
therefore, that PDFs do not form in feldspar, yet as noted above, previous studies have
documented the presence of such shock features. The simplest explanation is that the
development of PDFs in feldspar is influenced by crystal structure and/or chemical
composition. Unfortunately, many previous workers who documented the presence of
PDFs in feldspar did not provide the composition, or even if the grain in question was
plagioclase or K-feldspar. It is outside the scope of this contribution to review all previous
determinations, but we do note that PDFs in previous reports appear to have been
predominantly observed in K-feldspar (e.g., Ostertag 1983; Gibson and Reimold 2005;
Nagy et al. 2008) and Na-rich plagioclase (e.g., Trepmann et al. 2003).
We suggest the previous report of PDFs in plagioclase at Mistastin Lake was likely due to
misidentification (Taylor and Dence 1969). Indeed, we observed a variety of microscopic
planar elements that may easily be mistaken for shock-induced planar features, including
needle-like inclusions, alteration, and twins (Fig. 3-8, 9, 10). Micro-Raman spectra proved
to be effective in discerning the origins of these planar features. For the twins, Raman
features below 350 cm-1 can be used as an indication of different crystal orientation (Fig.
3-7C). For inclusions, as they are usually other minerals with different chemical
composition from feldspar, Raman spectra can be used effectively in telling them apart
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(Fig. 3-8C). For exsolution lamellae, K-feldspar can be identified based on the signature
three peaks near 500 cm-1, compared to the two peaks of plagioclase (Fig. 3-4). In terms of
alteration, particularly the zeolite in this study, Raman features indicative of OH around
3500 cm-1 provide a strong indication of the presence of such OH-bearing alteration
minerals (Figs. 3-9C, D).
The possibility that PDFs do form in plagioclase but that they become subsequently altered
and destroyed, remains a possibility. The gradual changes of Raman features from shocked
plagioclase to water-bearing zeolite may suggest a preferential low-temperature
hydrothermal levyne-Ca alteration of the shock-weakened plagioclase structure (Fig. 3-9).
This is consistent with observations of feldspars from the Manson impact structure reported
by Short and Gold (1996), who suggested that shock damaged crystals are more susceptible
to chemical breakdown and replacement than their unshocked equivalents. However, this
does not explain why PDFs are lacking in intermediate or Ca-rich plagioclase in contrast
to Na-rich plagioclase and K-feldspar.

3.4.2 Diaplectic glass
Diaplectic glass observed in this study preserves the original plagioclase crystal shape and
the presence of needle-like inclusions and is optically isotropic under cross-polarized light
(Fig. 3-11). Raman spectra of diaplectic glass with intermediate plagioclase composition
consist of a broad hump centered at ~500 cm-1 with a broad shoulder at 580 cm-1, and
another hump centered around 1050 cm-1. Our Raman features of diaplectic glass are
comparable to previously reported Raman spectra of diaplectic glass from both natural
meteorite samples and experimentally shocked plagioclase (e.g., Velde et al. 1989; Daniel
et al. 1997; Chen and El Goresy 2000; Fritz et al. 2005, 2019; Jaret et al. 2015, 2018;
Pittarello et al. 2020; Sims et al. 2020).
When compared to crystalline plagioclase, the Raman features of diaplectic glass show
some obvious changes: the two plagioclase-diagnostic peaks in the Raman spectrum merge
to form a broad hump centered at ~500 cm-1, while the peaks near 570 cm-1 broaden to
form a shoulder around 580 cm-1, and another broad peak emerges between 1000 and 1200
cm-1. The positions of the main Raman peaks around 500 cm-1 in the diaplectic glass are
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closely related to those of the most prominent bands observed in the spectra of crystalline
plagioclase, assigned to stretching and bending vibrations and TO4 groups (Daniel et al.
1995). Sharma et al. (1983) suggested that the variation of the T-O-T angle is the basis of
the short-range variability and long-range disorder and contributes to the broadening of the
peak. Fritz et al. (2019) experimentally shocked intermediate composition plagioclase
(An50-57) and reported the intensity increase of the shoulder around 580 cm-1 from
crystalline plagioclase to diaplectic glass. These authors suggested that this was due to an
increase in the number of three-membered rings of tetrahedra at the expense of fourmembered rings. The broad peak centered around 1050 cm-1 is related to T–O stretching
vibrations of nonbridging oxygen atoms attached to either Si or Al (Sharma et al. 1983;
Matson et al. 1986). The absence of this broad peak in crystalline plagioclase can be
explained by the lack of nonbridging oxygen-atoms in a well-crystallized tectosilicate (cf.,
Fritz et al. 2019). Deformation and breaking of tetrahedral bonds during progressive
amorphization lead to an increase in nonbridging oxygen atoms attached to Si/Al. Vibration
of the nonbridging Si-O and Al-O units in a more or less random order contributes to the
broad peak at 900–1150 cm-1. Fritz et al. (2005) reported that the position of this broad
peak is related to the diaplectic glass composition and the shift in position provides a
measure of the Al-Si substitutions in the tetrahedron, thus reflecting the different Ca and
Na distributions (Freeman et al. 2008).
We also observed a considerable variation in the intensity of Raman peaks from diaplectic
glass with the same composition (Fig. 3-12). The diaplectic glass spectra with relatively
higher intensity (e.g., Fig. 3-12A) are comparable with previous studies using natural
samples, especially meteorites (e.g., Fritz et al. 2005). The spectra with weak intensities
(e.g., Fig. 3-12C) are comparable with the ones reported using static experiments (e.g.,
Sims et al. 2020) and shock experiments (e.g., Jaret et al. 2018). Jaret et al. (2018) and
Sims et al. (2020) compressed andesine (An43 and An49, respectively) dynamically and
statically to complete amorphization and the Raman spectra from the quenched samples
showed weak broad bands in the low wavenumber (400-700 cm-1) and no visible bands in
the high wavenumber (900-1300 cm-1) region. However, there has not been any previous
study reporting the intensity variation of the broad peak centred around 1050cm -1.
Considering this broad Raman peak comes from nonbridging oxygen atoms, increased
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numbers of nonbridging Si-O and Al-O from stronger shock pressure/temperature may
contribute to the increased intensity.
We suggest that the intensity variation of Raman features from diaplectic glass is likely
due to the localized short-range order of the inhomogeneous nature of diaplectic glass. It
has been reported previously that diaplectic glass has a lower refractive index than
unshocked plagioclase and that its refractive index decreases with increasing shock
pressure and temperature (e.g., Stöffler 1972; Stöffler and Hornemann 1972; Fritz et al.
2019), suggesting that the formation of diaplectic glass might happen under a variety of
pressure-temperature-time paths. Nevertheless, more future work is needed to fully
understand the formation mechanism of diaplectic glass.

3.4.3 Shock level classification and associated Raman features
The principle of progressive shock metamorphism was first defined for quartzofeldspathic
rocks by Stöffler (1965, 1966), and Chao (1967). Recently, Stöffler et al. (2018) proposed
the most up to date classification systems for shocked rocks or sediments from the Earth,
the Moon, Mars, and the asteroids. Here, we synthesize this latest classification system for
feldspar-dominated rock types, with our results and the characteristic Raman data from
shock stage S1 to S4 (see Table 3-5 and Fig. 3-13). It should be noted that all the Raman
spectra stacked here were collected on intermediate plagioclase (~An50) with EPMAconfirmed composition.
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Figure 3-13. Raman spectra of unshocked and shocked plagioclase (~An50
composition) from the Mistastin Lake impact structure. The background has been
removed and the intensity has been normalized for better comparison. A) Stress and
strain free plagioclase reference material from Labrador, Canada; B) Unshocked
plagioclase from Mistastin Lake; C) Heavily deformed twins; D) Partial isotropic
area; E) Diaplectic glass.
Table 3-5. Progressive stages of shock metamorphism in plagioclase.

Shock stage

Diagnostic shock
effects (Stöffler et
al. 2018)

Optical features
in plagioclase
(Mistastin Lake
impact structure;
this study)

Raman features (cm-1) in
plagioclase (Mistastin Lake impact
structure; this study)

S1
Unshocked

Sharp optical
extinction and
irregular fractures

Fractures

185, 200, 285, 408, 480, 509, 568,
765, 795, 984, 1186, 1216 cm-1

S2 Weakly
shocked

Undulatory
extinction

S3
Moderately
shocked

Partially isotropic
and with PDFs and
weak mosaicism

S4 Strongly
shocked

Diaplectic glass

S5 Very
strongly
shocked

Normal glass

Undulatory
extinction,
deformed twins
Partially
isotropic, planar
features
Diaplectic glass

n/a

Main diagnostic peaks show slight
broadening, lattice modes peaks
under 350cm-1 slight weakening.
Broadening of the main peaks, loss
of weak peaks
Broad band near 510 cm-1 with
shoulder near 580 cm-1, broad peak
centered around 1050 cm-1,
intensity varies.
n/a
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Our results for unshocked plagioclase reference materials (see Fig. 3-4) are consistent with
previous studies (e.g., Sharma et al. 1983; Velde and Boyer 1985; Freeman et al. 2008).
The most characteristic Raman features of feldspars are observed to be two or three Raman
peaks between 460 and 515 cm-1. The exact position and numbers of these peaks and the
distance between the two diagnostic peaks varies with composition; intermediate
plagioclase exhibits fewer peaks than the endmember (i.e., albite and anorthite)
compositions, and the two distinct peak positions are not exactly at the midpoint between
the Raman peaks of the crystalline end-members. Unfortunately, there have not been any
systematic experimental or theoretical studies demonstrating the influence of Na/Ca and
Si/Al ratios upon peak positions and intensity in Raman spectra. Thus, while K-feldspar
exsolution can be discerned from plagioclase by their Raman features, as shown in this
study, the Raman peak positions are not sufficient for judging the composition of
plagioclase solid solutions.
For unshocked to weakly shocked plagioclase (S1 to S2 stages), our observations of the
microscopic features in plagioclase include fractures, twins, and needle-like inclusions
(Table 3-5). However, these features are not uniquely indicative of shock (French and
Koeberl 2010). Among Raman spectra collected from deformed twins, the weakening of
peaks below 350 cm-1 is consistent with a slight deformation of the crystal lattice. However,
the intensity of peaks below 350 cm-1 are also orientation-dependent on the lattice
vibration. The intensity ratio of two signature peaks between 480 and 510 cm-1 also varies
with different crystal orientation. Thus, while Raman spectra can be used to discern tiny
microscopic features and deformed twins, they cannot be used as a decisive indicator of
shocked plagioclase from these two stages.
For the S3 stage, the presence of planar deformation features (PDFs) is a prime microscopic
criterion and is the most diagnostic criterion for moderately shocked rocks (Stöffler et al.
2018). As discussed above, while no PDFs were observed in plagioclase at the Mistastin
Lake impact structure, planar features were used as a shock indicator. The increase in
Raman peak width (FWHM) together with decrease of intensity and loss of weak peak
suggests the distortion of the aluminosilicate framework.
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From shock stage S1 to S3, as shown in Figures 3-13A to 13D, the FWHM of the two main
diagnostic Raman peaks increases slightly from <20 to around 30 cm-1. It is notable that
we observed no significant peak shift within low to moderately shocked plagioclase. Our
Raman results agree well with the previous studies on Martian meteorites (Fritz et al.
2005), and experimentally shocked plagioclase (Fritz et al. 2019). Combined, these studies
show the same overall progression: as the shock level increases, the Raman spectra show
progressive and systematic changes in peak width (FWHM) and peak loss. For shock stage
S4, diaplectic glass is the major indicator for this strongly shocked stage (Table 3-5). As
discussed above, Raman features are sufficient to discern crystalline plagioclase and
diaplectic glass due to the observable changes.
All the Raman features presented here demonstrate that Raman spectroscopy is a promising
tool for discerning shock features at the microscopic scale and for distinguishing diaplectic
glass and shocked crystalline plagioclase at various shock stages. However, there are
several factors that need to be taken into consideration that otherwise may limit the full use
of Raman in future terrestrial and planetary applications. First, beam size and resolution of
the Raman system needs to be considered. The laboratory Raman system used in this study
has a beam size of 1-2µm and the FWHM resolution is 0.3 cm-1, whereas the Raman
instrument in SuperCam onboard the Mars2020 Perseverance rover will have a beam size
of ~5 mm (i.e., 5,000 µm) and a FWHM resolution of <9 cm-1(Wiens et al. 2019). The
relatively large beam size and resolution makes Raman spectra less efficient in discerning
tiny microscopic features and low to moderately shock stages in the field, but it is adequate
for identifying diaplectic glass. Second, fluorescence and high Raman background are
inevitable during Raman study of natural samples, and they can be induced by impurities
within the sample. Adjusting laser power and collecting time can help to suppress
fluorescence and Raman background. However, even when using laboratory Raman with
a high confocal system, a rising background is still always observed in the Raman spectra,
especially for moderately shocked plagioclase and diaplectic glass (as seen in Figs. 3-10
and 3-12). High background may mask the Raman features and make the results
misleading. As such, when using Raman instruments in the field, it is critical to achieve
decent signal-to-noise ratios in order to gain sufficient information from Raman spectra.
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3.5 Conclusions
This study systematically examined plagioclase feldspar collected from a suite of
impactites from the Mistastin Lake impact structure, Canada, using both optical
microscopy, EPMA, and Raman spectroscopy. In summary:
(1) A set of progressive shock features, including fractures, deformed twins, planar
features, partially isotropic and diaplectic glass, are observed in shocked plagioclase from
the Mistastin Lake impact structure. Undiagnostic features include fractures and deformed
twins; diagnostic features include planar features and diaplectic glass. The Raman spectra
collected from the microscopic features in samples from S1 to S3 shock stages show
progressive changes, including band broadening, reduction of intensities, and loss of lattice
mode bands, which can be attributed to microstructural deformation and loss of
crystallinity.
(2) Unlike crystalline plagioclase, the Raman spectra of diaplectic glass mainly consists of
broad peaks in the high- (900–1200 cm-1) and low-wavenumber (400–700 cm-1) regions,
assigned to stretching and bending vibrations of T-O-T (T=Si, A1) linkages and TO4
groups, respectively. We suggest the intensity difference of Raman features observed in
diaplectic glass is likely due to different P-T-t paths of different samples and pressureinduced disorder or heterogeneity. The presence of the orientated needle-like inclusions in
both diaplectic glass and crystalline plagioclase in this study indicates that diaplectic glass
is formed from pressure-induced amorphization and not melting.
Finally, plagioclase feldspar is one of the most abundant minerals on the surface of the
Earth, the Moon and Mars. Our results suggest that high precision Raman spectroscopy is
a promising tool that is capable of discerning microscopic shock features and
distinguishing between diaplectic glass and crystalline plagioclase. More systematic
Raman studies on shocked feldspar with different compositions are needed to improve our
understanding of shock metamorphism and planetary evolution.

58

59

3.6 Reference
Alexopoulos J. S., Grieve R. A. F., and Robertson P. B. 1988. Microscopic lamellar
deformation features in quartz: Discriminative characteristics of shock-generated
varieties. Geology 16:796-799.
Beegle L., Bhartia R., White M., DeFlores L., Abbey W., Wu Y.-H., and Cameron B. 2015.
SHERLOC: Scanning habitable environments with Raman & luminescence for
organics & Chemicals. 2015 IEEE Aerospace Conference: 1-11.
Bunch T. E., Cohen A. J., and Dence M. R. 1967. Natural terrestrial maskelynite, American
Mineralogist 52:244-253.
Chao E. C. T. 1967. Impact Metamorphism. In Researches in Geochemistry, vol. 2, edited
by Abelson P. H. New York: John Wiley & Sons, Ltd. pp. 204-233.
Chao E. C. T. 1968. Pressure and temperature histories of impact metamorphosed rocks
based on petrographic observations. In Shock metamorphism of natural materials,
edited by French B., and Short N. M. Baltimore, MD: Mono Book Corp. pp. 135-158.
Chen M., and El Goresy A. 2000. The nature of maskelynite in shocked meteorites: not
diaplectic glass but a glass quenched from shock-induced dense melt at high pressures.
Earth and Planetary Science Letters 179:489-502.
Currie K. L. 1971. The composition of anomalous plagioclase glass and coexisting
plagioclase from Mistastin Lake, Labrador, Canada. Mineralogical Magazine 38:511517.
Daniel I., Gillet P., McMillan P.F., and Poe B.T. 1995. In-situ high-temperature Raman
spectroscopic studies of aluminosilicate liquids, Physics and Chemistry of Minerals
22:74-86.
Daniel I., Gillet P., McMillan P. F., Wolf G., and Verhelst M. A. 1997. High-pressure
behavior of anorthite: Compression and amorphization. Journal of Geophysical
Research 334:10313-10325.
Deer W. A., Howie R. A., and Zussman J. 2013. An Introduction to the Rock-Forming
Minerals. Mineralogical Society of Great Britain and Ireland. 3rd ed. Edition. pp. 510.
Dressler B. 1990. Shock metamorphic features and their zoning and orientation in the
Precambrian rocks of the Manicouagan structure, Quebec, Canada. Tectonophysics
171:229–245.
Farrell-Turner S., Reimold W. U., Nieuwoudt M., and Erasmus R. M. 2005. Raman
spectroscopy of olivine in dunite experimentally shocked to pressures between 5 and
59 GPa. Meteoritics & Planetary Science 40:1311–1327.
Ferrière L., Morrow J. R., Amgaa T., and Koeberl C. 2009. Systematic study of universalstage measurements of planar deformation features in shocked quartz: Implications for
statistical significance and representation of results. Meteoritics & Planetary Science
44:925-940.

59

60

Ferrière L., and Osinski G. R. 2013. Shock metamorphism. In Impact cratering: Processes
and products, edited by Osinski G. R. and Pierazzo E. Hoboken, New Jersey: WileyBlackwell. pp. 106-124.
Freeman J. J., Wang A., Kuebler K. E., Jolliff B. L., and Haskin L. A. 2008.
Characterization of natural feldspars by Raman spectroscopy for future planetary
exploration. The Canadian Mineralogist 46:1477-1500.
French B. M. and Short N. M. 1968. Shock metamorphism of natural materials. Baltimore,
Maryland: Mono Book Corporation. 644p.
French B. M. 1998. Traces of catastrophe: A handbook of shock-metamorphic effects in
terrestrial meteorite impact structures. LPI Contribution No. 954. Houston, Texas:
Lunar and Planetary Institute. 132 p.
French B. M., and Koeberl C. 2010. The convincing identification of terrestrial meteorite
impact structures: What works, what doesn’t, and why. Earth-Science Reviews
98:123-170.
Fritz J., Assis Fernandes V., Greshake A., Holzwarth A., and Böttger U. 2019. On the
formation of diaplectic glass: Shock and thermal experiments with plagioclase of
different chemical compositions. Meteoritics & Planetary Science 54:1533-1547.
Fritz J., Greshake A. and Stöffler. D. 2005. Micro-Raman spectroscopy of plagioclase and
maskelynite in Martian meteorites: evidence of progressive shock metamorphism.
Antarctic Meteorite Research 18:96-116.
Gibbons R. V., and Ahrens T. J. 1977. Effects of shock pressures on calcic plagioclase.
Physics and Chemistry of Minerals 1:95-107.
Gibson R. L. and Reimold W. U. 2005. Shock pressure distribution in the Vredefort impact
structure, South Africa. Geological Society of America Special Paper 384:329–349.
Grieve R. A. F. 1975. Petrology and chemistry of the impact melt at Mistastin Lake crater,
Labrador. GSA Bulletin 86:1617-1629.
Grieve R. A. F., Langenhorst F., and Stöffler D. 1996. Shock metamorphism of quartz in
nature and experiment: II. Significance in geoscience. Meteoritics & Planetary Science
31:6–35.
Grieve R. A. F. 2006. Impact structures in Canada. St. John’s, NL: Geological Association
of Canada. 210 p.
Heymann D., and Hörz F.1990.Raman-spectroscopy and X-ray diffractometer studies of
experimentally produced diaplectic feldspar glass. Physics and Chemistry of Minerals
17:38-44.
Hörz F., and Quaide W. L. 1973. Debye-Scherrer investigations of experimentally shocked
silicates. The Moon 6:45-82.
Jaret, S. J., Johnson, J. R., Sims, M., and Glotch, T. D. 2018. Microspectroscopic and
Petrographic Comparison of Experimentally Shocked Albite, Andesine, and
Bytownite. Journal of Geophysical Research: Planets 123:1701-1722.

60

61

Jaret, S. J., Woerner, W. R., Phillips, B. L., Ehm, L, Nekvasil, H., Wright, S. P., and Glotch,
T. D. 2015. Maskelynite Formation via Solid-State Transformation: Evidence of
Infrared and X-Ray Anisotropy. Journal of Geophysical Research: Planets 120:570587.
Jaret S. J., Kah L. C., and Harris R. S. 2014. Progressive deformation of feldspar recording
low-barometry impact processes, Tenoumer impact structure, Mauritania. Meteoritics
and Planetary Science 49:1007-1022.
Johnson, J. R., Hörz, F., Lucey, P. G., and Christensen, P. R. 2002. Thermal infrared
spectroscopy of experimentally shocked anorthosite and pyroxenite: Implications for
remote sensing of Mars. Journal of Geophysical Research 107(E10):50-73.
Johnson, J. R., Horz, F., and Staid, M. I. 2003. Thermal infrared spectroscopy and modeling
of experimentally shocked plagioclase feldspars. American Mineralogist 88(10):15751582.
Kayama M., Gucsik A., Nishido H., Ninagawa K., Tsuchiyama A., and Gucsik A. 2009.
Cathodoluminescence and Raman Spectroscopic Characterization of Experimentally
Shocked Plagioclase. AIP Conference Proceedings 1163:86.
Kieffer, S. W., Schaal, R. B., Gibbons, R., Hörz, F., Milton, D. J., and Dube, A. 1976.
Shocked basalt from Lonar Impact Crater, India, and experimental analogues. 7th
proceeding of the Lunar Science Conference:1391-1412.
Knops-Gerrits P.-P., De Vos D. E., Feijen E. J. P., and Jacobs P. A. 1997. Raman
spectroscopy on zeolites. Microporous Materials 8:3-17.
Marchand M., and Crocket J. H. 1977. Sr isotopes and trace element geochemistry of the
impact melt and target rocks at the Mistastin Lake crater, Labrador. Geochimica et
Cosmochimica Acta 41(10):1487-1495
Marion C. L. 2009. Geology, distribution and geochemistry of impact melt at the Mistastin
Lake impact crater, Labrador. MSc thesis, Memorial University, St. Johns,
Newfoundland, Canada.
Marion C. L., and Sylvester P. J. 2010. Composition and heterogeneity of anorthositic
impact melt at Mistastin Lake crater, Labrador. Planetary and Space Science 58:552573.
Matson D. W., Sharma S. K., and Philpotts J. A. 1986. Raman spectra of some tectosilicates
and of glasses along the orthoclase-anorthite and nepheline-anorthite joins. American
Mineralogist 71:694-704.
Mader M. and Osinski G. R. 2018. Impactites of the Mistastin Lake impact structure:
Insights into impact ejecta emplacement. Meteoritics & Planetary Science 53:1-27.
McCormick K. A., Taylor G. J., Keil K., Spudis P. D., Grieve R. A. F., and Ryder G. 1989.
Sources of clasts in terrestrial impact melts: Clues to the origin of LKFM. Proceedings,
19th Lunar and Planetary Science Conference. pp. 691-696.
McKeown D. A. 2005. Raman spectroscopy and vibrational analyses of albite: From 25°C
through the melting temperature. American Mineralogist 90:1506-1517.

61

62

Melosh, J., 1989. Impact Cratering: A Geologic Process. Oxford University Press, New
York.
Milton D. J., and De Carli P. S. 1963. Maskelynite: Formation by explosive shock. Science
140 (3567):670-671.
Nagy S., Gucsik A., Bérczi S., Ninagawa K., Nishido H., Kereszturi A., Hargitai H., and
Okumura T. 2008. K- feldspar and biotite as shock indicator minerals from Bosumtwi
impact crater (abstract #1144). 39th Lunar and Planetary Science Conference.
Osinski G. R., Grieve R. A. F., Bleacher J. E., Neish C. D., Pilles E. A., and Tornabene L.
L. 2018. Igneous rocks formed by hypervelocity impact. Journal of Volcanology and
Geothermal Research 353:25-54.
Ostertag R. 1983. Shock experiments on feldspar crystals. Journal of Geophysical Research
88: B364.
Pati J. K., Poelchau M. H., Reimold W. U., Nakamura N., Kuriyama Y., and Singh A. K.
2019. Documentation of shock features in impactites from the Dhala impact structure,
India. Meteoritics & Planetary Science 54: 2312-2333.
Pickersgill A. E., Flemming R. L., and Osinski G. R. 2015a. Toward quantification of
strain-related mosaicity in shocked lunar and terrestrial plagioclase by in situ microX-ray diffraction. Meteoritics & Planetary Science 50:1851-1862.
Pickersgill A. E., Osinski G. R., and Flemming R. L. 2015b. Shock effects in plagioclase
feldspar from the Mistastin Lake impact structure, Canada. Meteoritics & Planetary
Science 50:1546-1561.
Pittarello L., Fritz J., Roszjar J., Lenz C., Chanmuang N. C., and Koeberl C. 2020. Partial
amorphization of experimentally shocked plagioclase: A spectroscopic study.
Meteoritics & Planetary Science 55: 669-678.
Reed, S. 2005. Electron Microprobe Analysis and Scanning Electron Microscopy in
Geology. Cambridge: Cambridge University Press. 189p.
Reynard B., Okuno M., Shimada Y., Syono Y., and Willaime C. 1999. A Raman
spectroscopic study of shock-wave densification of anorthite (CaAl2Si2O8) glass.
Physics and Chemistry of Minerals 26:432-436.
Robertson P. B., and Grieve R. A. F. 1977. Shock attenuation at terrestrial impact
structures. In: Impact and explosion cratering: Planetary and terrestrial implications;
Proceedings of the Symposium on Planetary Cratering Mechanics, Flagstaff, Ariz.
New York, Pergamon Press, Inc. pp. 687-702.
Rubin A. E. 2015. Maskelynite in asteroidal, lunar and planetary basaltic meteorites: An
indicator of shock pressure during impact ejection from their parent bodies. Icarus
257:221-229.
Rull F., Sylvesre M., Ian H., Andoni M., Carlos P., Carlos D., Colombo M., Belenguer T.,
Lopez-Reyes G., Sansano A., Forni O., Parot Y., Striebig N., Woodward S., Howe C.,
Tarcea N., Rodriguez P., Seoane L., Santiago A., Rodriguez-Prieto J. A., Medina J.,
Gallego P., Canchal R., Santamaría P., Ramos G., Vago J. L., and on behalf of the

62

63

RLS Team. 2017. The Raman laser spectrometer for the ExoMars Rover Mission to
Mars. Astrobiology 17(6-7):627-654.
Sharma S. K., Simons B., and Yoder H. S. 1983. Raman study of anorthite, calcium
Tschermak’s pyroxene, and gehlenite in crystalline and glassy states. American
Mineralogist 68:1113-1125.
Short N. M., and Gold D. P. 1996. Petrography of shocked rocks from the central peak at
the Manson impact structure. Geological Society of America Special Paper 302: 245265.
Sims, M., Jaret, S. J., Carl, E., Rhymer, B., Schrodt, N., Mohrholz, V., Smith, J.,
Konopkova, Z., Liermann, H-P., Glotch, T. D., and Ehm, L. 2019. Pressure-induced
amorphization in plagioclase feldspars: A time-resolved powder diffraction study
during rapid compression. Earth and Planetary Science Letters 507:166-174.
Sims M., Jaret S. J., Johnson J. R., Whitaker M. L., and Glotch T. D. 2020. Unconventional
high-pressure Raman spectroscopy study of kinetic and peak pressure effects in
plagioclase feldspars. Physics and Chemistry of Minerals 47:12.
Singleton A. C., Osinski G. R., McCausland P. J. A., and Moser D. E. 2011. Shock-induced
changes in density and porosity in shock-metamorphosed crystalline rocks, Haughton
impact structure, Canada. Meteoritics & Planetary Science 46:1774-1786.
Stöffler, D. 1965. Anzeichen besonderer mechanischer Beanpruchung an Mineralien der
Kristallineinschlüsse des Suevits (Stoßwellenmetamorphose). Neues Jahrbuch für
Mineralogie 9-11:350-354.
Stöffler, D. 1966. Zones of impact metamorphism in the crystalline rocks of the Nördlinger
Ries crater. Contributions to Mineralogy and Petrology 12:15-24.
Stöffler, D. 1967. Deformation und Umwandlung von Plagioklas durch Stoßwellen in den
Gesteinen des Nördlinger Ries. Contributions to Mineralogy and Petrology 16:51-83
Stöffler D. 1971. Progressive metamorphism and classification of shocked and brecciated
crystalline rocks at impact craters. Journal of Geophysical Research 76:5541-5551.
Stöffler D. 1972. Deformation and transformation of rock-forming minerals by natural and
experimental shock processes. Fortschritte der Mineralogie 49:50-113.
Stöffler D., and Hornemann U. 1972. Quartz and Feldspar Glasses Produced By Natural
and Experimental Shock. Meteoritics 7:371-394.
Stöffler D. 1984. Glasses formed by hypervelocity impact. Journal of Non-Crystalline
Solids 67:465-502.
Stöffler D., Keil K., and Edward R.D S. 1991. Shock metamorphism of ordinary
chondrites. Geochimica et Cosmochimica Acta 55:3845–3867.
Stöffler D. and Langenhorst F. 1994. Shock metamorphism of quartz in nature and
experiment: I. Basic observation and theory. Meteoritics & Planetary Science 29:155181.

63

64

Stöffler D., Hamann C., and Metzler K. 2018. Shock metamorphism of planetary silicate
rocks and sediments: Proposal for an updated classification system. Meteoritics &
Planetary Science 53:5-49.
Taylor F. C., and Dence M. R. 1969. A probable meteorite origin for Mistastin Lake,
Labrador. Canadian Journal of Earth Sciences 6:39-45.
Tomioka N., Kondo H., Kunikata A., and Nagai T. 2010. Pressure-induced amorphization
of albitic plagioclase in an externally heated diamond anvil cell. Geophysical Research
Letters 37: L21301.
Trepmann C., Whitehead J., and Spray J. 2003. Shock effects in target rocks from the
Charlevoix impact structure, Quebec, Canada. Abstracts of Geological Society of
America Northeastern Section – 38th Annual Meeting. Paper number 7–17.
Velde B., and Boyer H. 1985. Raman microprobe spectra of natually shocked microcline
feldspars. Journal of Geophysical Research 90:3675-3682.
Velde B., Syono Y., Kikuchi M., and Boyer H. 1989. Raman microprobe study of synthetic
diaplectic plagioclase feldspars. Physics and Chemistry of Minerals 16:436-441.
Von Engelhardt W., and Stöffler D. 1968. Stages of shock metamorphism in crystalline
rocks of the Ries Basin, Germany. In Shock metamorphism of natural materials, edited
by French B. M. and Short N. M. Baltimore, Maryland: Mono Book Corporation. pp.
159-168.
Walawender M. J. 1977. Shock-produced mosaicism in plagioclase, Charlevoix structure,
Quebec. Canadian Journal of Earth Sciences 14:74-81.
Wiens R. C., Newell R., Clegg S., Sharma S. K., Misra A., Bernardi P., Maurice S., Mccabe
K., and Cais P. 2019. The SuperCam remote Raman spectrometer for Mars 2020
(abstract #2600). 48th Lunar and Planetary Science Conference.
White J. C. 1993. Shock-induced amorphous textures in plagioclase, Manicouagan,
Quebec, Canada. Contributions to Mineralogy and Petrology 113(4):524–532.
Wood Elizabeth A. 1964. Crystals and Light: And Introduction to Optical Crystallography.
Dover Publications. Second revised edition. 156 p.
Wray J. J., Hansen S. T., Dufek J., Swayze G. A., Murchie S. L., Seelos F. P., Skok J. R.,
Irwin R. P., and Ghiorso M. S. 2013. Prolonged magmatic activity on Mars inferred
from the detection of felsic rocks. Nature Geoscience 6:1013-1017.
Young K. E., Hodges K. V, Van Soest M. C., and Osinski G. R. 2013. Dating the Mistastin
Lake impact structure, Labrador, Canada, using zircon (U-Th)/He thermochronology
(abstract #2426). 44th Lunar and Planetary Science Conference.

64

65

Chapter 4

4

Raman study of shock effects in lunar anorthite from the
Apollo missions

4.1 Introduction
The Moon, our nearest neighbour, records and preserves a rich and extended geological
history and key information about fundamental processes in the evolution of the Earth–
Moon system, the geological evolution of rocky planetary objects, and the near-Earth
cosmic environment throughout Solar System history (e.g., Crawford et al. 2012; Hiesinger
2006; Jaumann et al. 2012). Due to minimal erosion and lack of crustal recycling, the
surface of the Moon is extremely ancient and provides a unique record of surface processes,
such as impact cratering, that shape planetary crusts. Our understanding of lunar geological
evolution is constantly evolving thanks to all the scientific lunar exploration missions in
the last 50 years (Crawford and Joy 2014) and the continued study of Apollo samples.
Lunar regolith, soil, and rock samples brought back to Earth by the Apollo missions have
been instrumental in developing our understanding of the mineralogy of the Moon. The
Ca-rich plagioclase end-member, anorthite, was first noted in rock fragments in surface
regolith sampled during the Apollo 11 mission (Wood et al.1970). Later, anorthosite
consisting almost entirely of anorthite was first found during the Apollo 15 mission (James
1972). Anorthosites also make up a significant proportion of the rocks returned by the
Apollo 16 mission (Dowty et al. 1974). The discovery of larger specimens of anorthosite
in the Apollo samples suggested that coarse-grained rocks consisting almost entirely of
plagioclase may comprise a large part of the lunar highlands (e.g., Wood et al. 1970; Smith
et al. 1970). Together with the Apollo samples, globally distributed exposures of
anorthosite on the Moon have been reported based on remote sensing data acquired in the
last two decades (e.g., Ohtake et al. 2009; Donaldson Hanna et al. 2014). Telescopic nearinfrared spectra and multispectral images of the Moon provided by the Galileo and
Clementine missions reveal the presence of pure anorthosite in all regions of the nearside
(Hawke et al. 2003). The Multiband Imager on the Selenological and Engineering Explorer
(SELENE) has enabled investigation of the composition of the lunar crust at a global scale
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and reported extensive pure anorthosite rock with over 95 vol.% of plagioclase exposed by
large impact events; the crustal thickness of anorthosite on the Moon has been estimated
to be ~50 km based on the calculation of the excavation depth of these anorthosites (Kato
et al. 2008; Ohtake et al. 2009; Yamamoto et al. 2012). While impact cratering events have
been modifying the lunar crust throughout geological time with varying intensity,
understanding shock metamorphism in plagioclase, the principal component of anorthosite,
is key to the study of the early evolution of the Moon and terrestrial planets in the solar
system.
Impact events create shockwaves that travel through the target rocks and produce shock
metamorphic features in rocks and minerals of the target material. Shock metamorphic
effects, or “shock effects”, are defined as permanent residual effects to be observed after
the passage of the shock wave, i.e., after pressure and temperature release to ambient P-T
conditions (French and Koeberl 2010; Ferrière and Osinski 2013). Shock effects in various
terrestrial rocks and minerals have been described and studied since 1960s (e.g., French
and Short 1968; Roddy et al. 1977; Stöffler 1972, 1974, 1984; Bischoff and Stöffler 1992;
Stöffler and Langenhorst 1994; Grieve et al. 1996; French 1998). Shock features observed
in plagioclase from craters on Earth include reduced refractive index, offset and bent twins,
planar deformation features (PDFs), mosaicism, amorphization (i.e., diaplectic glass), and
melting. Shock level classification systems based on these optical shock features have been
developed (e.g., Stöffler 1971; Stöffler et al. 1991; Singleton et al. 2011; Stöffler et al.
2018). Similarly, a range of shock effects in lunar plagioclase have been documented, but
mainly using optical microscopy, including deformed twins, planar features, mosaicism,
and partial to complete amorphization (i.e., diaplectic glass) (e.g., von Engelhardt et al.
1970; Wood et al. 1970; Roddy et al. 1977; Ryder 1990; Taylor et al. 1991).
However, as we stand on the edge of a new era of lunar exploration, it is notable that there
has not been a systematic study of shock effects in lunar anorthite using analytical
techniques that could be used in future lunar surface exploration, except for only a handful
of infrared and Raman spectroscopic studies of lunar materials (e.g., Perry et al. 1972;
Taylor et al. 1991; Perry 2015; Wang et al. 1995, 2015). Among the modern spectroscopy
methods, Raman spectroscopy provides unambiguous identification of the major minerals
in lunar rocks, regolith, and meteorites, and has resulted in various Raman spectroscopic
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techniques being applied to optimize detection of both minerals and organic compounds in
future missions (Wang et al. 1995; Verkaaik et al. 2015). We were thus motivated to use
optical microscopy and Raman spectroscopy to systematically investigate shock features
in lunar anorthite samples in this study. We aim to better understand shock processes in
anorthite feldspar, thus furthering our understanding of the lunar surface evolution. The
data from this study can help with the interpretation of data from current and future lunar
missions encountering impact materials inevitably.

4.2 Geological background and Samples
Between 1969 and 1972, six Apollo missions landed on the Moon (Fig. 4-1) and returned
2196 individual samples totalling 381.7 kg (Hiesinger and Head 2006).
In July 1969, Apollo 11 landed at Mare Tranquilitatis. Later that year, Apollo 12 landed in
southeastern Oceanus Procellarum in November. The Apollo 11 rocks were a mixture of
basalts and breccias. Most importantly, anorthite was first noted in rock fragments in
surface regolith among the returned samples. In contrast, the Apollo 12 rocks were almost
all basalts, with only two breccias in the returned sample suite, suggesting this sampling
site has been subjected to fewer impacts comparing to the Apollo 11 site (Short 1970;
Hiesinger and Head 2006). In January 1971, Apollo 14 landed ~550 km south of the
Imbrium basin, in the Fra Mauro Formation near Cone Crater, with the primary objective
of sampling material excavated by the Imbrium impact. Most of samples returned were
breccias. Later in July, Apollo 15 landed on the eastern edge of Mare Imbrium, with the
objectives of sampling material from the rim of the Imbrium basin. Both mare and nonmare rocks were collected here, including two types of basalt, the first discovery of
anorthosite, other plutonic rocks, impact melt rocks, granulites, and regolith breccias. The
crew were successful in returning material that was even older than the Imbrium impact.
In particular, at Spur Crater on Mount Hadley Delta, they came across and collected a big
piece of anorthosite rock that is composed almost entirely of plagioclase (e.g., Wilshire et
al. 1972). This rock (15415) is widely known as "Genesis Rock".
In May 1972, Apollo 16 landed near Descartes Crater in the central highlands of the Moon's
nearside. Samples from this site are largely interpreted to be ejecta from the Imbrium,
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Serenitatis, and Nectaris basin forming events. The crew collected a large sample of coarsegrained cataclastic anorthosite (60025) that is larger than Genesis Rock (15415) (e.g.,
Ryder 1982). Later that year in December, Apollo 17 landed at the Taurus–Littrow Valley.
This site is at the highland/mare boundary near the southeastern rim of the Serenitatis basin.
Basalt and orange glass, impact melt breccia, and anorthosite gabbro was identified within
the returned samples (e.g., Head 1974; Hiesinger and Head 2006; Hurwitz and Kring 2016).

Figure 4-1. Apollo missions and their landing sitess on the Moon (Credit LPI/NASA).
For this study, 23 polished thin sections were selected from Apollo missions 11, 12, 14,
15, 16 and 17 (Table 4-1). These samples were specifically selected to encompass a wide
range of shock effects and were the focus of a previous X-ray diffraction-based study by
Pickersgill et al. (2015). For comparison, we also used one unshocked terrestrial anorthite
with composition An96 (Miyake-Jima, Tokyo, Japan) as a reference.
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Table 4-1. Lunar sample list, origin information from NASA/The Lunar Sample
Compendium.
Apollo Landing site

Sample#

Origin
Unknown due to a
sample mix-up
happened in 8-151969

Rock type

11

Mare Tranquilitatis
(0.7°N, 24.3°E)

10047,16

12

Southeastern Oceanus
Procellarum
(3.2°N, 23.4°W)

12054,126

Surveyor Crater

Ilmenite basalt

14006,8

Cone Crater

14

North of the Fra
Mauro crater
(3.6° S, 17.5° W)

14068,12

Cone Crater

Fragmental breccia
Impact melt
breccia

15

Hadley-Apennine
region
(26.1°N, 3.7°E)

80 m NNW of
Lunar Module
Spur Crater
Spur Crater
Station 9A
~30m from Lunar
Module
~15m from Lunar
Module

14303,46
15362,11
15415,90
15684,4
60015,114
60025,230
60215,13

16

Descartes Crater
lunar highlands
(9°S, 15.5°E)

Station 10
~70m from Lunar
Module
North Ray Crater
North Ray Crater
North Ray Crater
North Ray Crater
North Ray Crater
Station 8
Station 9
Station 9

60618,4
67075,41
67415,113
67746,12
67936,23
67975,85
68035,6
69955,27
69955,29

Taurus-Littrow Valley
73215,193
Lara Crater
highland/mare
17
boundary
76335,55
Station 6
(20.2°N, 30.8°E)
79155,58
Station 9
Abbreviations: F=Ferroan; M=Magnesian; N=Noritic;
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Ilmenite basalt

Breccia
Anorthosite (F)
Anorthosite (F)
Basalt
Anorthosite
Anorthosite
Anorthosite
breccia
Anorthosite
Anorthosite (F)
Anorthosite (N)
Anorthosite (N)
Impact melt
Fragmental breccia
Anorthosite
Anorthosite
Anorthosite
Impact melt
breccia
Anorthosite (M)
Gabbro
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4.3

Methods

Twenty-three thin sections were first examined for shock effects using a Nikon Eclipse
LV100POL compound petrographic microscope. Raman spectra of microscopic features
in all the twenty-three thin sections were collected using a Renishaw InVia Reflex Raman
Spectrometer at Surface Science Western (SSW). An argon-ion laser with a wavelength of
514.5 nm was used as exciting source. The spectrometer was calibrated with a Si crystal.
The sample excitation and Raman signal collection were performed using 50 X (numerical
aperture (N.A.) = 0.75) and 100 X (N.A. = 0.90) objective lenses in confocal mode on the
Raman microscope. The laser spot size was focused to ~2 m on the sample with power
no more than 6 mW. The Raman spectra were collected from 126 to 2000 cm -1 with 1800
grooves/mm grating in a confocal mode. The spatial resolution is 0.5 µm, the FWHM
resolution is 0.3 cm-1. The collecting time varied from 60 to 720 s in order to obtain
sufficient intensity. The Raman shift of each band was obtained by Lorentzian curve fitting
using the PeakFit program (SPSS Inc., Chicago). To make sure the results were consistent,
4 to 10 spectra within each target area were collected, and the spectra presented here are
representative of the designated target. Importantly, all spectra presented in the same figure
were collected with the same settings and collection time.

4.4

Results

The lunar samples used in this study consist predominantly of anorthosite (Figs. 4-2C, D),
with some basalts (Figs. 4-2A, B), and impact breccias (Figs. 4-2E, F). Common other
minerals observed in these lunar samples include pyroxene, olivine, ilmenite and chromite.
The chemical composition of plagioclase in lunar samples have been studied and reported
extensively before, being mainly anorthite with ~An96 composition (e.g., Wood et al. 1970;
Smith et al. 1970; James 1972; Dowty et al. 1974; Ryder 1982; James 1980; Warren 1990).
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Figure 4-2. Transmitted light photomicrographs of Apollo samples used in this study,
including basalt, anorthosite and breccia. PPL= Plane polarized light; XPL= Crosspolarized light; An = Anorthite. A, B) Ilmenite basalt, sample 10047,16; C, D)
Anorthosite, sample 60025.230; E, F) Impact breccia, sample 14006.8.
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4.4.1 Raman spectra of “unshocked” anorthite
As lunar rocks collected in the Apollo missions all experienced shock to some degree, one
terrestrial An96 anorthite was selected as an unshocked terrestrial standard, which was also
used in Chapter 3. Raman spectra were collected from different orientation and show
approximately 28 peaks in the range of 126-1100 cm-1 (as labeled in Fig. 4-3): 148, 176,
198, 215, 253, 285, 285, 323, 369, 401, 427, 460, 487, 504, 528, 558, 594, 624, 682, 742,
764, 897, 913, 942, 957, 980, 1021, 1081.

Figure 4-3. Raman spectra collected from the unshocked terrestrial An96 anorthite
(from Miyake-Jima, Japan) at different orientations. Raman peak positions are as
labeled.
Sample 15415, popularly called the “Genesis Rock”, collected by the Apollo 15 crew from
on the lip of Spur crater, is a coarse-grained anorthosite composed largely of calcic
plagioclase with small amounts of three pyroxene phases. The mineral composition of the
plagioclase is An96 (James 1972). Wilshire et al. (1972) reported that the dominance of
originally coarse-grained gabbroic-anorthositic clasts in breccias at Spur crater suggest that
sample 15415 is the least-deformed member of a suite of similar rocks that were ejected
from beneath the regolith at Spur crater. Raman spectra were collected from different
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crystal grains in sample 15415,90, and the spectra shows approximately 26 peaks in the
range of 126-1100 cm-1 (Fig. 4-4): 146, 176, 198, 250, 286, 324, 369, 400, 439, 460, 487,
504, 525, 555, 594, 624, 684, 746, 762, 897, 912, 941, 957, 981, 1018, 1080.

Figure 4-4. Anorthite grains in 15415,90 and their Raman spectra. XPL = crosspolarized light. Yellow circles indicate the location where the Raman spectra were
collected. Raman peak positions are as labeled.
When comparing the Raman spectra from terrestrial and lunar anorthite, we can see that
the peak positions are all quite similar with only some minor differences; the full widths at
half maxima (FWHM) of the two most intense peaks are also consistent. Based on their
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Raman shift positions and vibrational band assignments (Sharma et al. 1983), Raman peaks
from anorthite can be divided into three groups: 100-400 cm-1 range, 400 to 600 cm-1 range
and 600-1200 cm-1 range.
As discussed in Chapter 3, the most characteristic Raman features of plagioclase are
observed to be two or three Raman peaks between 460 and 515 cm–1. For anorthite with
An96 composition, the two diagnostic Raman peaks are at 487 and 504 cm-1 position with
full widths at half maxima (FWHM) of 11 and 13.5 respectively. These two strongest bands
correspond to motion of the oxygen atom along a line bisecting the T-O-T angle (T= Si or
Al) and the peaks in the 400 to 600 cm-1 region are characteristic of the four-membered
rings of tetrahedra in the feldspar structure (Sharma et al. 1983).
The second most intense set of Raman peaks are the ones below 400 cm-1. The peaks in
this range are reported to be from lattice vibration (Wood 1964; Sharma et al., 1983;
McKeown et al., 2005). Raman spectra from different crystal faces of the single crystal
terrestrial An96 anorthite standard were collected and stacked in Figure 4-3. Importantly,
peaks positioned below 400 cm-1 show similar wavenumber but vary in intensity, indicating
an orientation-dependent intensity on the lattice vibration. The intensity ratio of two
signature peaks and nearby shoulders at 487, 504, 528, 558 cm-1 also varies with different
crystal orientation (Fig. 4-3).
Raman peaks above 600 cm-1 tend to be relatively weak and shows some slightly variety
depending on the orientation. According to Sharma et al. (1983), the high wavenumber
modes in the 900–1200 cm-1 region that give rise to relatively weak Raman bands but
strong infrared bands, are associated with the motion of the oxygen atom along the line
parallel to T-T and are assigned to the asymmetric stretch vas(T-O-T) mode.

4.4.2 Raman spectra of shock features in lunar anorthite
A variety of shock features were observed within lunar anorthite, including fractures,
deformed twins (curved and kinked twins), undulatory extinction, planar features, and
partially to fully isotropic diaplectic glass. In the following sections, we describe the
Raman spectra for these different classes of shock metamorphic effects.
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4.4.2.1

Fractures and kinked twins

Fractures and twinning are observed in nearly all lunar anorthite grains studied here;
although twinning can only be observed under cross polarized light. A high density of
fractures is often observed with deformed twins, including bent, kinked and offset features
(Fig. 4-5). Fractures are most commonly found throughout an entire grain (e.g., Fig. 4-5A).
In some grains, however, the fractures display a webbed texture radiating out from a central
focal point that resembles a micrometeorite impact (indicated by the circles in Fig. 4-5B).

Figure 4-5. Transmitted light photomicrographs of shock features in lunar anorthite.
PPL= Plane polarized light; XPL= Cross-polarized light. Fractures and twins are
common within anorthite from the Moon. A and B) are shocked anorthite showing
fractures, A) is from 76335,55; B) is from 67075,41 and the circles marks the webbed
texture with a targeted center; C and D) are shocked anorthite showing deformed
twins (the twins are slightly curved/offset compared to the straight dash lines); C) is
from 60215,13; D) is from 60618,4.
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Figure 4-6 shows Raman spectra collected from heavily fractured areas and deformed
twins. If we compare these spectra with the data from our unshocked references (15415
and the terrestrial standard), the two most intense diagnostic peaks are in the same position
at 486 and 504 cm-1, with a slightly increased FWHM, while the peaks below 450 cm-1
show slightly weaker and broader features, consistent with the slight deformation of the
crystal lattice. Also, twins in anorthite can be identified by the peak around 555cm-1 (blue
arrow in Fig. 4-6) as this peak seems to be orientation dependent and is always seen in one
of the twins. This is consistent with intermediate plagioclase in our observations (see
Chapter 3).

Figure 4-6. Fractures and deformed twins in lunar anorthite and their Raman
spectra. XPL = cross-polarized light. Yellow dots indicate the location where the
Raman spectra are collected. A) Deformed twins in samples 60618,4; B) Heavily
fractured area in sample 76335,55; C) Raman spectra collected from fractures and
deformed twins: spectra A and B are collected from spots A and B in image A, spectra
C and D are collected from spots C and D in image B. “*” marks the peaks from
epoxy.
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4.4.2.2

Planar features

Unlike twinning, planar features (i.e., PFs and PDFs) were extremely rare in lunar anorthite
in our sample suite (cf., Pickersgill et al. 2015). Only one set of planar features were
observed in a partially isotropic area in 69955,27 (Fig. 4-7D). While mechanical twinning
can be seen throughout the whole crystal grain (as in Fig. 4-7A), the planar features were
found only in a small area of one grain and they are not open fractures when examined
under reflected light. Also, compared to the two sets of twins in Figures 4-7B and C, the
planar features in Figure 4-7D are much finer in scale and the angle between them is not a
right angle as normal twins (as marked by yellow dash lines).
The crystal grain with planar features ranges from being birefringent to partially isotropic
under cross polarized light. Raman spectra were thus collected from the planar features and
surrounding area (Fig. 4-7E). Raman spectra of the surrounding birefringent area exhibits
peaks consistent with anorthite (spectra C in Fig. 4-7E), but they are weaker and broader
when compared to the unshocked examples (Figs. 4-3 and 4-4), suggesting a more shocked
nature. Raman spectra collected from the planar features (spectra B in Fig. 4-7E) also
exhibit the two main Raman peaks but are broader and show a loss of the weak peaks below
400 cm-1. The same position of these Raman peaks indicates that they share the same
composition. The loss of peaks from lattice modes indicates a much more disturbed crystal
structure, whilst the broadening of the two main peaks suggests deformation of the TO4
tetrahedra. If we compare them with Raman spectra collected from the isotropic area (A in
Fig. 4-7E), the observable Raman peaks from the planar features suggests that they are not
yet amorphous.

77

78

Figure 4-7. Mechanical twins and planar features observed in lunar anorthite. PPL =
plane-polarized light; XPL = cross-polarized light. A) Mechanic twins from 14303,46;
B and C) Twinning in 15415,90; D) Planar features from 69955,27. E) Raman spectra
of partial isotropic and some PDFs (directions indicated by the lines): spot A is from
the isotropic area which is fully dark under crossed polarized light; spot B is from the
area showing the planar features; C is from the birefringent area.

4.4.2.3

Undulatory extinction

Undulatory extinction was observed in 69955,27 and is characterized by a wave of
extinction passing through the grain on rotation of the stage (Fig. 4-8). When the stage is
rotated under crossed polarized light (as in Figs. 4-8B, C and E, F), no area is permanently
extinct, as with spot A in Figure 4-7D, and no twins are observed.
Raman spectra collected at the spots in Figure 4-8F are provided in Figure 4-8G; they all
share the same peak positions but the FWHM varies slightly. Compared to the unshocked
anorthite or 15415, the Raman spectra of undulatory extinction areas show broader peaks
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and loss of weak peaks, suggesting more deformation of the TO4 tetrahedra and lattice
structure.

Figure 4-8. Raman spectra of undulatory extinction observed in 69955,27. PPL =
plane-polarized light; XPL = cross-polarized light. A, B, C) Same crystal showing
undulatory extinction with stage rotation; D, E, F) Another crystal showing
undulatory extinction with stage rotation; G) Raman spectra collected from various
area and yellow dots indicate the location where the Raman spectra are collected.
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4.4.2.4

Partially isotropic

No completely isotropic anorthite grains equating to diaplectic glass were observed in our
sample suite. Among the twenty-three thin sections in this study, only a few partially
isotropic grains were observed in samples 69955,27(Figs. 4-9 A, B) and 79155,58 (Figs.
4-10 C, D, E, F). When compared to undulatory extinction (Figs. 4-8B, C, E F), these
partially isotropic areas always show a permanent extinct area under cross polarized light,
while some areas remain birefringent. Sample 69955 is a cataclastic anorthosite boulder
and mainly consists of shocked anorthite; whilst sample 79155 is a coarse basalt and is
described as a glass-covered “bomb” thrown out by a small impact (Neal and Taylor 1993).
McGee (1993) studied shock features in 69955 and described most of the plagioclase as
having been converted to diaplectic glass and the existence of less shocked (still
birefringent) patches within the diaplectic glass. Schaal and Hörz (1977) studied shock
features in 79155 and reported that some plagioclase is converted to diaplectic glass.
Raman spectra were collected from both samples across the partially isotropic grains: from
the fully birefringent areas (C, F in Fig. 4-10C), in between (B, E in Fig. 4-10C), and from
the fully isotropic areas (A, D in Fig. 4-10C). Raman spectra from the birefringent areas
show similar features as crystalline anorthite. Raman spectra from the in-between area are
the same as the spectra from the undulatory extinction examples. If we compare the Raman
spectra from the birefringent areas in both 69955,27 and 79155,58, the one from 79155,58
is sharper and closer to the unshocked terrestrial standard than the one from 69955,27.
When compared to the birefringent areas, the Raman features of the isotropic areas are
quite different: the two anorthite-diagnostic peaks are no longer present. Instead, a broad
hump centered at ~500 cm-1 with two shoulders around 450 and 580 cm-1 are present and
another broad peak emerges around 1000 cm-1. In addition, the intensity of the Raman
spectra of the isotropic areas are very weak.
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Figure 4-9. Photomicrographs of partially isotropic anorthite. PPL= Plane polarized
light; XPL= Cross-polarized light. A, B) are from 69955,27; C, D, E, F) are from
79155,58 showing partially extinction (indicated by the circle).
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Figure 4-10. Raman spectra of the partially isotropic area in A) 69955,27 and
B)79155, 58. PPL: Plane polarized light; XPL: Cross-polarized light. yellow dots
indicate the location where the Raman spectra are collected. Spots A and D are from
the completely optically isotropic area as in the XPL image; spots C and F is where
remined birefringent; spots B and E are from in-between area.
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4.5 Discussion
4.5.1 The rarity of planar features in plagioclase
Planar microstructures have been widely reported in shocked terrestrial feldspar, ranging
from micro-twins, planar features, to planar deformation features (PDFs) (e.g., Stöffler
1967; Gibbons and Ahrens 1977; Ostertag 1983). When observed under microscope, these
planar features all display finely spaced planar fabric, either in a small area or throughout
the grains. Due to the confirmed amorphous nature, only PDFs are widely accepted as a
diagnostic indicator of shock metamorphism.
Previously, in lunar samples, a few planar microstructures have been reported in shocked
plagioclase where they are described as “shocked-induced lamellae” of low refractive
index and low or no birefringence (e.g., Short 1970; Engelhardt et al. 1971; French 1972).
Short (1970) observed multiple sets of planar features in plagioclase from Apollo 11
(10060,30 and 10060,39), seen in 8 grains among the hundreds of fragments examined.
These features are described as “shock-induced lamellar structures”, being less than 1 µm
wide and are rarely more than 20 µm long and occur mainly in the broad twin bands of
crystalline plagioclase with lowered birefringence. In 12034-3 and 12073-6 from Apollo
12, several plagioclase grains were described as having “thin parallel planes” but could not
be distinguished from fine twinning or intergrowths observable in unshocked feldspars
from terrestrial rocks (Short 1970). French (1972) examined shock features in a lunar soil
sample from the Russian Luna 16 mission. Planar features were observed in the few shockdeformed fragments of plagioclase and were called “planar shock lamellae”. However, due
to the limitation of analytical techniques at that time, it was not determined whether these
“lamellae” were completely amorphous as in PDFs, thus, with modern terminology, it is
more appropriate to call the features they observed planar features.
In this study, we documented three sets planar features in some rare cases within partially
isotropic anorthite (69955,27) (Fig. 4-7D), similar to the ones in Apollo 11 sample (1008525, 26, 10084-106) examined by von Engelhardt et al. (1970) and Short (1970). They are
not open fractures and their Raman features show broader peaks than the surrounding
birefringent area suggesting a more deformed TO4 tetrahedra structure but they are not yet
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amorphous. They are thus not PDFs. This lack of PDFs in plagioclase mirrors observations
in shocked plagioclase from the 28 km diameter Mistastin Lake impact structure, Canada
(Pickersgill et al. 2015; Chapter 3), where only rare planar features and no PDFs were
documented. Planar features observed in intermediate plagioclase (An51) from Mistastin
Lake are within shocked anorthosites that experienced moderate to strong shock from
central uplift. Their Raman features also show a similar trend of peak broadening as the
ones collected from shocked lunar anorthite here (Chapter 3).
Recently, Pittarello et al. (2020b) examined planar features in partially isotropic
plagioclase from the central uplift of the 100 km diameter Manicouagan impact structure,
Canada, using electron backscatter diffraction (EBSD). Their results reveal that these
planar features are not completely amorphous and do not show a twin relationship with the
host crystal and instead share the same crystallographic orientation, i.e. they are not PDFs
or micro-twins. Our Raman features of the planar features are in good agreement with their
EBSD results, suggesting that Raman features are efficient in distinguishing planar features
from planar deformation features (PDFs), twins and other micro features like alterations,
as discussed in Chapter 3.
Compared to the abundance of PDFs in quartz, shocked feldspar samples from both
terrestrial impact craters and Apollo samples seem to show a general scarcity of planar
features and PDFs. It is possible that planar features/PDFs develop less readily in feldspars
due to the complex composition with exsolution, pre-existing microstructure and different
crystal structure. Furthermore, as shock experiments conducted at pressures required to
create PDFs in quartz, did not produce PDFs in shocked feldspar samples (e.g., Gibbons
and Ahrens 1977; Jaret et al. 2018; Sims et al. 2019), it is possible that the development
and appearance of planar features/PDFs in feldspar requires different pressure and
temperature conditions from quartz..

4.5.2 Diaplectic glass
Diaplectic glass is optically isotropic, amorphous, and yet retains the chemical
composition, morphology, texture, and internal features of the original mineral grain
(French and Koeberl, 2010). Unlike normal glass formed from melting, there are no flow
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textures or vesicles in diaplectic glass. In the lunar samples studied here, no completely
amorphous diaplectic glass was observed. Instead, a few partially isotropic grains with
remaining birefringent areas were found in two samples (Fig. 4-9). Raman spectra collected
from such samples confirms the crystalline nature of the birefringent patches and the
amorphous nature of the isotropic areas, confirming the presence of diaplectic glass (Fig.
4-10). The position of the main Raman hump around 500 cm-1 in the isotropic area is
closely related to those of the most prominent bands observed in the spectra of crystalline
area, and Raman features of the in-between areas show broadening of the prominent bands.
Sharma et al. (1983) suggested that the variation of the T-O-T angle is the basis of the
short-range variability and long-range disorder and contributes to the peak broadening.
Previous studies of Apollo samples have reported both completely amorphous diaplectic
glass and partially isotropic grains, but they are quite scarce. Among all the soil and rock
samples in the returned lunar sample suite, only a small number of the fragments examined
are reported to be diaplectic glass: Short (1970) described only one partially isotropic
anorthite grain in an Apollo 11 sample with one set of isotropic twins while the alternate
broader set remained crystalline. French (1972) reported one largely isotropic fragment in
a lunar soil sample with some patchy and irregular internal birefringence. Engelhardt et al.
(1971) found diaplectic glass in only 3 out of 79 basaltic fragments in Apollo 11 soil
samples and none among 58 basalt fragments in Apollo 12 soil samples. Steele et al. (1972)
reported no diaplectic glass among 26 Apollo 15 basaltic rake samples studied. Neal and
Taylor (1993) reported no diaplectic glass among the 38 Apollo 17 rake samples described.
Fernandes et al. (2013) also found no diaplectic glass among 12 feldspathic Apollo 16 rake
samples examined. This relative scarcity of diaplectic glass is surprising given how
common this is in terrestrial craters and lunar meteorites: Rubin (2015) reported seven
lunar basaltic meteorites that contains diaplectic glass out of 37 lunar meteorites examined.
As the area that was sampled by the Apollo and Luna mission are estimated to come from
only 5–8% of the lunar surface (Warren and Kallemeyn, 1991), the simplest explanation is
that the scarcity of diaplectic glass in lunar samples is due to the limited number sites
sampled.
Diaplectic glass observed in samples from the Mistastin Lake impact structure is
completely isotropic and fully extinct under crossed polarized light, while maintaining the
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original crystal shape and inclusions (Fig. 3-11) (Chapter 3). Comparing Raman features
from diaplectic glass from Mistastin Lake and the isotropic areas in lunar samples, they
both consist of broad humps centered around 500 cm-1 instead of sharp peaks, indicating
the amorphous nature (Figs. 3-12 and 4-10). However, the overall intensity of these
isotropic areas in lunar samples is weaker than the Mistastin Lake samples. We suggest
that this is due to the commonly high background in Raman spectra from the thin sections
of lunar samples. This could be due to impurities within lunar anorthite, the different epoxy
used in the thin section preparation, or the amount of other analysis done before (e.g.,
intense microprobe analysis sometimes has an influence on Raman signal). In addition, the
hump centered around 1000 cm-1 in the Mistastin Lake samples is more obvious in the lunar
samples studied here. Considering this broad Raman peak comes from nonbridging oxygen
atoms and increased intensity may indicated the increased numbers of nonbridging Si-O
and Al-O from stronger shock pressure/temperature, the weaker intensity of the partially
isotropic

lunar

samples

may

suggest

that

they

experienced

lower

shock

pressure/temperature than completely isotropic diaplectic glass. This agrees with recent
shock experiment results reported by Pittarello et al. (2020a), which suggests that partially
birefringent and partially isotropic plagioclase are produced by incomplete amorphization
when shocked to lower pressure than complete amorphization, and also influenced by
internal heterogeneity and the inhomogeneous distribution of shock pressure.

4.5.3 Shock level classification and associated Raman features
Unlike the plagioclase samples from the Mistastin Lake impact structure studied in the
Chapter 3, most lunar samples are believed to have been shocked at least once, with some
having likely experienced multiple shock events. Despite this, shock features and their
Raman spectra from both sample suites share many similarities. Table 4-2 compares our
observations from both lunar samples and Mistastin Lake samples, together with the most
up to date classification systems for shocked plagioclase-rich mafic rocks proposed by
Stöffler et al. (2018). In addition, Figure 4-11 provides stacked Raman spectra of shock
features, from crystalline anorthite to partially isotropic amorphous grains. It should be
noted that all the Raman spectra stacked here were collected on anorthite with ~An96
composition confirmed by various studies.
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In the lunar samples examined in this study, for the S1 unshocked to S2 weakly shocked
stages (Figs. 4-11A, B), our observations of microscopic features in lunar anorthite include
sparse to intense fractures, deformed twins, and undulatory extinction. Among the Raman
spectra collected from more deformed areas, the weakening of peaks below 400 cm-1 is
consistent with a slight deformation of the crystal lattice. However, the intensity of peaks
below 400 cm-1 are also orientation-dependent on the lattice vibration. Thus, they cannot
be used as a decisive indicator of shocked anorthite from these two stages. For S3
moderately shock stages, we observed partially isotropic anorthite and some planar features
(Figs. 4-11C, D). From S1 to S3 stages, the FWHM of the two main diagnostic Raman
peaks increases and the peaks in the ranges below 400 cm-1 and above 600 cm-1 get broader
and weaker, consistent with the distortion of the aluminosilicate framework. For the S4
strongly shocked stage, while we did not observe completely diaplectic glass grains,
Raman spectra of isotropic areas in lunar anorthite display a very broad hump with weak
intensity, indicating the amorphous nature of these small areas.

Figure 4-11. Raman spectra of shock features in lunar anorthite, showing progressive
changes as shock level increase. A) Raman spectra collected from low fractured area
in 15415, 90; B) Raman spectra collected from fractured area in 60025,230; C) Raman
spectra collected from slightly undulatory extinction area in 60015,114; D) Raman
spectra collected from heavily undulatory extinction area in 69955,27; E) Raman
spectra collected from fully extinction area (diaplectic glass) in 79155,58.
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Table 4-2. Progressive stages of shock metamorphism in lunar anorthite.
Shock stage

Diagnostic shock
effects (Stöffler et al.
2018)

S1 Unshocked

Sharp optical
extinction and
irregular fractures

Fractures and twins

Fractures and twins

146, 176, 198, 250, 286, 324, 369, 400,
439, 460, 487, 504, 525, 555, 594, 624,
684, 746, 762, 897, 912, 941, 957, 981,
1018, 1080.

Undulatory extinction

Deformed twins,
undulatory extinction

Deformed twins,
undulatory extinction

Main diagnostic peaks show slight
broadening, lattice modes peaks under
400cm-1 slight weakening.

Partially isotropic,
planar features

Partially isotropic,
planar features

Broadening of the main peaks, loss of
weak peaks

S2 Weakly
shocked

Partially isotropic and
S3 Moderately
with PDFs and weak
Shocked
mosaicism

Optical features in
plagioclase from
Mistastin Lake

Optical features in
anorthite samples
from the Moon

Raman features (cm-1) of lunar anorthite
(~An96)

S4 strongly
shocked

Diaplectic glass

Diaplectic glass

Diaplectic glass

Broad band near 510 cm-1 with shoulder
near 580 cm-1, broad peak centered
around 1050 cm-1.

S5 very
strongly
shocked

Normal glass

n/a

n/a

n/a
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4.6

Conclusions

This study systematically examined shock features in lunar anorthite returned from Apollo
missions, using both optical microscopy and Raman spectroscopy. In summary:
(1) Similar to shocked terrestrial plagioclase from the Mistastin Lake impact structure
(Chapter 3), a set of progressive shock features, including fractures, deformed twins, planar
features, and partially isotropic areas, were observed in lunar anorthite. However, no PDFs
as diagnostic features were observed.
The Raman spectra collected from the microscopic features in lunar samples from S1 to S3
shock stages show progressive changes, including band broadening, reduction of
intensities, and loss of lattice mode bands, which can be attributed to microstructural
deformation and loss of crystallinity. Raman spectra collected from shocked lunar samples
suggest that Raman features are efficient in distinguishing planar features from PDFs and
deformed twins.
(2) None of the lunar anorthite in this study are completely amorphous, but partially
isotropic regions of some grains were found. The Raman spectra of the isotropic areas
confirmed the amorphous nature with the weak and broad peaks in the high- (900–1200
cm-1) and low-wavenumber (400–700 cm-1) regions. These Raman features can be used to
differentiate diaplectic glass from crystalline plagioclase, making it a useful tool for
selecting moderately shocked samples to return in future lunar exploration missions.
The difference of the overall intensity between spectra from lunar samples and Mistastin
Lake samples suggests that partially isotropic partially birefringent grains experienced
lower shock pressure/temperature than completely amorphous diaplectic glass, and their
Raman features are efficient in distinguishing crystalline and amorphous area.
In summary, Earth’s Moon contains a rich archive of information relevant to understanding
the origin and evolution of the Earth–Moon system. As a new era of lunar exploration is
dawning, returning to the Moon equipped with advance scientific instruments including
Raman system can gain more knowledge of our neighbour and unlock more mystery of
Earth.
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Chapter 5

5

In-Situ
High-pressure
and
High-temperature
Synchrotron X-ray Diffraction Study of Plagioclase
Feldspar

5.1 Introduction
Plagioclase feldspar, ranging from Anorthite (CaAl2Si2O8) to Albite (NaAlSi3O8), are the
most abundant constituents of igneous rocks, commonly found in the crust of Earth,
highland rocks of Moon, lunar and Martian meteorites. Furthermore, they are widely
subjected to hypervelocity impact on the planetary bodies. Studying their behaviors under
high-pressure and high-temperature conditions can help us better understand the evolution
of the inner planets of our solar system.
A series of diagnostic shock features, such as planar features and diaplectic glass, has been
observed in natural shocked plagioclase collected from terrestrial impact structure and the
Moon (e.g., Chapter 3 and references within). In order to reproduce these shock features,
to understand the pressure-temperature conditions in progressive shock metamorphism and
to build a shock classification system, a handful of dynamic shock experiments and static
experiments have been conducted (e.g., Milton and De Carli 1963; Hörz and Quaide 1973;
Ostertag 1983; Stöffler 1984; Tomioka et al. 2010; Jaret et al. 2018; Stöffler et al. 2018;
Sims et al. 2019; Fritz et al. 2017, 2019). Plagioclase with various compositions have been
experimentally shocked to pressure up to 70 GPa, but partial to full amorphization
(diaplectic glass) was observed (e.g. Milton and De Carli 1963; Ahrens et al. 1969; Jeanloz
and Ahrens1980; Ostertag 1983; Velde et al. 1989; Williams and Jeanloz 1989; Jaret et al.
2018; Sims et al. 2019; Fritz et al. 2019).
In contrast to the results from shock experiments, phase changes of plagioclase have been
widely observed in static experiments with pressure and temperature up to 25 GPa and
2500 K (Williams and Jeanloz 1989; Daniel et al. 1997; Liu et al. 2006, 2012; Tutti 2007;
Kubo et al. 2010, 2017; Zhou et al. 2017). Albite, a representative Na-rich feldspar in
ordinary chondrites, transforms to jadeite (Jd) plus stishovite (St) at ∼17 GPa, and to
lingunite (NaAlSi3O8 hollandite) between ∼19 and ∼23GPa; at pressures above 23 GPa,
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NaAlSiO4 calcium ferrite-type structure (CF), stishovite and lingunite form as a metastable
phase assemblage (Liu et al. 2006; Tutti 2007; Zhou et al. 2017). Anorthite, the most
common mineral in the highland of the Moon, breaks down into a phase assemblage of
grossular (Gr) + kyanite (Ky) + St at ~14 GPa, Gr + calcium-alumino-silicate phase (CAS)
+ St at ~18 GPa, and CAS + CaSiO3-perovskite (CaPv) + St above ~20 GPa (Liu et al.
2012). Intermediate plagioclases, the representative plagioclases on Martian surface and in
Martian meteorites, breaks down to Jd and St near 20 GPa and 1500 K, and then to CF +
St + CAS + CaPv up to 22GPa (Kubo et al. 2010, 2017).
However, while moderate to high shock stages in natural shock events are believed to
produce diaplectic glass under peak pressure ranging from 25 to 60 GPa, there is a lack of
any in situ HP-HT study of plagioclase study in this P-T range. Furthermore, no phase
diagram of plagioclase at pressures above 25 GPa is available. Since the phase diagram of
intermediate plagioclase provides critical information about the stable phases at certain
pressure and temperature conditions, it can be used as a pressure marker to determine the
samples recovered from terrestrial impact structure and meteorites and to understand their
shock and thermal history of formation. Therefore, we are motivated to study plagioclase
at pressure above 25 GPa using high-temperature laser-heating diamond anvil cell with in
situ synchrotron X-ray diffraction methods to construct an updated phase diagram.

5.2 Experiment
5.2.1

Starting material

Natural plagioclase crystals from different origins were collected as choices of starting
material in this study. Their chemical compositions were analyzed by a JXA-8530F field
emission electron probe microanalyzer (FE-EPMA) in the Earth and Planetary Materials
Analysis Laboratory at the University of Western Ontario. Some pieces of An51 labradorite
and An96 anorthite were selected as starting material in this study, similar compositions as
the naturally shocked plagioclase from Mistastin Lake impact structure and Apollo samples
used in the previous chapters. The detailed chemical composition of An51 and An96 samples
are listed in Table 5-1. Quantitative chemical composition of the natural plagioclase sample
was determined with beam operating conditions at accelerating voltage of 10-15 kV, probe
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current of 20 nA, and a beam diameter of <5 μm. Mineral calibration standards used for
wavelength dispersive spectrometry (WDS) analyses were as follows: Albite (CM Taylor)
for Na and Si, Orthoclase (CM Taylor) for Si and K, and Anorthite (Smithsonian USNM
137041 - Great Sitkin Island, AK) for Al and Ca.
Table 5-1. Chemical composition of the starting material An51 and An96. obtained by
EPMA. wt% = mean composition in weight%; An-Ab-Or content in mol%.
Labradorite
Labrador, Canada
wt%
56.22(7)
27.98(6)
5.24(5)
10.46(5)
0.38(8)
0.22(7)
0.01(6)
0.00(9)
0.01(6)
100.57(9)
51.25(2)
46.48(5)
2.26(3)

Location
SiO2
Al2O3
Na2O
CaO
K2O
FeO
MgO
TiO2
BaO
Total
An
Ab
Or

Anorthite
Miyake-Jima, Tokyo, Japan
wt%
44.56(9)
35.49(4)
0.45(1)
19.15(3)
0.01(5)
0.38(8)
0.08(9)
0.00(7)
0.00(2)
100.15(8)
95.82(7)
4.08(3)
0.08(9)

Table 5-2. Rietveld Refinement results of the plagioclase with An51 composition.
Lattice parameters

Labradorite

a
b
c
alpha
beta
gamma
Space group
Strain L

8.1737(7)
12.856(1)
7.1091(5)
93.591(5)
116.229(4)
89.668(5)
C1
0.0(2)

The crystal structure of the An51 was checked by powder X-ray diffraction, using a Bruker
D8 Discover diffractometer with theta-theta instrument geometry in the X-ray Analysis
Laboratory at the University of Western Ontario. It has a sealed cobalt source, Gobel mirror
parallel beam optics, a pinhole collimator (100 or 300 μm), and two-dimensional (2-D)
general area detector diffraction system (GADDS). Observed diffraction pattern was
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determined as a triclinic system using ICDD card: 01-083-1939-Andesine-Na0.685Ca

0.347

Al1.46 Si2.54O8. Rietveld refinement results confirmed that the An51 sample is C1 space
group (Triclinic) and its lattice parameters are listed above in Table 5-2.

5.2.2

Sample configuration in diamond anvil cell

The crystals with An51 and An96 compositions were checked by Raman spectroscopy and
then were ground separately into powder (1-3 µm). 10% platinum powder was admixed
with each starting material, which served as a laser absorber and internal pressure standard.
The sample mixtures were compressed into a ~15-20 µm thick disc and loaded in a 120150 µm diameter rhenium/steel gasket sample chamber, which was pre-indented to a
thickness of 30- 35 µm (Fig. 5-1).

Figure 5-1. Schematic diamond anvil cell (A) and samples configuration in the
chamber (B). The numbers in (B) show different heating locations. (C) Images show
a single crystal An51 (left) and powdered disk An51 (right) in the sample chamber with
a diameter of 150 µm.
Neon gas was loaded as a pressure medium to maintain the samples in a quasi-hydrostatic
environment and thermal insulator. Several sample chips were placed below the sample so
that pressure medium could flow under. 1-2 ruby spheres were used as the second pressure
standard for gas-loading. The gas loading was operated with GSECARS / COMPRES Gas
Loading System at GeoSoilEnviroCARS, Advanced Photon Source (Rivers et al. 2008).
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Ruby pressures are determined by the ruby fluorescence method and platinum pressure is
determined by the equation of state of platinum (Fei et al. 2007).

5.2.3 In situ high-pressure and high-temperature synchrotron X-ray
diffraction experiment
In situ high-pressure and high-temperature synchrotron X-ray diffraction (XRD)
experiments were performed at beamline 13-ID-D of the GeoSoilEnviroCARS, sector of
the Advanced Photon Source. Monochromatic X‑ray beam with a wavelength of 0.3344Å
was focused to a beam size of 3 µm × 4 µm (Prakapenka et al. 2008). LaB6 was used for
sample-to-detector distance calibration. Five runs of high-pressure and high-temperature
XRD experiments on An51 and one run of high-pressure and high-temperature XRD
experiments on An96 were conducted in this study. During each run of experiment, we
compressed the sample at a pressure step of about 1-2 GPa up tol target pressure and then
heated at desired spots (as in Figure 5-1B) at 1200-2000 K. In situ synchrotron X-ray
diffraction images are collected before, during and after heating at each pressure step.
Sometimes longer heating for about 30 mins was applied to reduce the potential kinetic
issue for phase identification. Time-dependent XRD pattern changes were also recorded.
Thermal pressure during heating is determined by the equation of state of Pt (Fei et al.
2007). Samples were heated by the double-sided laser heating system with a Neodymiumdoped yttrium lithium fluoride (Nd:YLF) fiber laser with a wavelength of 1053 nm and a
heating spot of ~20 µm diameter to achieve temperatures up to 1900 K. Heating time varies
from 30 to 120 mins to explore the kinetic effects on phase transition. The temperature of
the heated spots was determined by fitting Planck equation to the thermal radiation spectra
from both sides of the sample. The synchrotron X-ray diffraction patterns were collected
by MAR 345 CCD detector with exposure times of 10 or 30 s during heating and after
temperature quench. X-ray diffraction mapping of the quenched heating area was
performed.
The quenched products were also examined at beamline 13-BM-C, sectors of GSECARS,
Advanced Photon Source. LaB6 was used for sample-to-detector distance calibration. The
wavelength of the monochromatic X-ray beam at 13-BM-C was 0.434 Å and beam size
was focused to 12 ×18 µm. X-ray diffraction patterns were collected by two-dimensional
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MAR CCD and the exposure time of each image was 90-120 seconds. Two-dimensional
images of synchrotron X-ray diffraction pattern were integrated and reduced to onedimensional patterns using Dioptas software (Prescher et al. 2015).

5.2.4 In situ high-pressure room-temperature single crystal Raman
experiment
High-pressure and room-temperature single crystal Raman study was performed on An51
plagioclase at the High-Pressure diamond anvil cell lab, University of Western Ontario and
its sample assemblage is shown in Figure 5-1C. The micro-Raman system is a custom-built
system with a 514.32 nm laser and 500-mm focal length spectrometer. The beam size is
focused by a 50 X objective and estimated to have a spot size of about 2 µm. The laser
power onto the sample is about 6 mW. The instrument control and data collection were
performed by the software WinSpec. An51 sample was obtained from the same batch of
the HPHT synchrotron XRD study. A T301 steel was used as a gasket for the sample
chamber. A 4:1 mixture of methanol and ethanol was used as a pressure medium. The
pressure was calibrated by ruby fluorescence method based on the shift of the R1 line (Mao
et al. 1986).
Two runs of high-pressure and room-temperature single-crystal Raman study was
performed using An51 composition. In the first run (Run 1), a 4:1 mixture of methanol and
ethanol was used as a pressure medium. Methanol + ethanol mixture provides nearly
hydrostatic condition at ambient temperature up to its glass transition at 10 GPa, and its
nonhydrostatic state abruptly grows with pressure beyond 10 GPa (Piermarini et al. 1975).
In the second run (Run 2), argon was used as a pressure-transmitting medium as it can
provide a quasi-hydrostatic condition in a wider pressure range.

5.3 Results
Five runs of high-pressure and high-temperature synchrotron X-ray diffraction
experiments on An51 plagioclase and two runs on An96 plagioclase were conducted in this
study. We also conducted two runs of high-pressure and room-temperature Raman
measurements on An51 plagioclase. Results of each composition are presented as follows:
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5.3.1 An51 labradorite
5.3.1.1 High-pressure and room-temperature Raman and XRD
experiment
An51 sample from Run 1 was compressed to 20 GPa with 4:1 mixture of methanol and
ethanol as a pressure medium and then decompressed to ambient pressure. The Raman
measurements are shown in Figure 5-2.

Figure 5-2. Raman spectra of single crystal An51 plagioclase compressed at pressure
up to 20 GPa and room temperature with 4:1 mixture of methanol and ethanol as a
pressure medium.
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The Raman spectrum of An51 at ambient pressure shows the two diagnostic peaks at 483
and 512 cm-1 which are from νs(T-O-T) (symmetric T-O-T stretching) modes (T= Si or Al)
(Sharma et al. 1983). Above 7 GPa, these two peaks merged and forms a broad peak
centered at around 525 cm-1. From 7 to 14 GPa, the width of the broad peak increased and
most of other peaks were getting weaker. The intensity of the broad peak decreases as
pressure increased indicating more crystal structure disorder. Above 17 GPa, the Raman
peak became hard to observe, which suggests An51 turned amorphous. At 20 GPa there was
no Raman feature observable, indicating complete amorphization of An51. Upon
decompression within a day, the sample reverted to a crystalline phase, showing the
moderate intensity of signature peaks but slightly broader. If the sample was left under
high-pressure in the cell for longer than a month, no crystalline phases were recovered. In
Run 2, An51 was compressed to 23 GPa and it is found An51 turns into amorphous at around
18 GPa, similar as Run 1. When decompress from pressure up to 23 GPa, no spectra of
crystalline sample were detected.
Similar as the loss of Raman peaks during compression, loss of peaks in X-ray diffraction
pattern was also observed during high-pressure and room-temperature experiments using
An51 single crystal. The complete loss of all features occurred at 19-23 GPa, suggesting the
amorphization of the crystal.

5.3.1.2 High-pressure and high-temperature synchrotron XRD
experiment
Five runs of HP-HT experiment on An51 composition covered the pressure range of 15 to
64 GPa. Different runs of experiments have overlapping pressure and temperature ranges
to reproduce the observed phases from previous runs. This is to warrant the consistent run
products collected from this study. Detailed experimental conditions and run products are
listed in Table 5-3. Representative diffraction patterns of compression and decompression
are in Figure 5-3. In addition, to identify the phase assemblage of the decomposition of
An51, standard X-ray diffraction patterns, bulk modulus and pressure derivative of possible
phases were imported into Dioptas software to fit the observed synchrotron X-ray
diffraction patterns, details are listed in Table 5-4.
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Table 5-3. Pressure, temperature, time, pressure marker and run products of An 51
obtained from this study. S2, S9, and S10 represents the used DAC number.
P
T
t
Run products
Pressure marker
(GPa)
(K)
(mins)
A15-1
15
1400-1700
35
Jd, St, CAS, Gr, Cr
Ruby + Pt
A15-2
15
1150-1450
30
Jd, CAS, Gr,Cr
Ruby + Pt
A18
18
1300-1500
110
Jd, CAS, Gr, Cr
Ruby + Pt
A20
19
1600-1700
60
Jd, CAS, Gr, Cr
Ruby + Pt
A22
21
1650-1750
120
Jd, CAS, Gr, Cr
Ruby + Pt
A23
26.5
1200-1750
100
St, CAS, CaPv, Cr
Ruby + Pt
A28
32
1250-1775
120
St, CaPv, CF, Cr
Pt
A35
36
1200-1780
90
St, CaPv, CF, Cr
Pt
QA-S2
Quench from 22GPa
Jd, St, CAS, Cr
QA-S9
Quench from 35GPa
Jd, St, CAS, Cr
B20
20
1380-1900
45
Jd, St, CAS, Gr, Cr
Ruby + Pt
B24
24
1600-1750
45
St, CAS, CaPv, CF, Cr
Ruby + Pt
B26
25
1400-1800
50
St, CAS, CaPv, CF, Cr
Ruby + Pt
B27
27
1200-1750
90
St, CAS, CaPv, CF, Cr
Ruby + Pt
B30
30
1300-1750
60
St, CaPv, CF, Cr
Ruby + Pt
QB-S10
Quench from 30GPa
St, Cr, CAS
C26
28
1300-1700
60
St, CAS, CaPv, CF, Cr
Ruby + Pt
C27
29
1200-1650
90
St, CaPv, CF, Cr
Ruby + Pt
C29
30
1500-1700
60
St, CaPv, CF, Cr
Pt
C32
31
1300-1700
60
St, CaPv, CF, Cr
Pt
C37
35
1300-1650
60
St, CaPv, CF, Cr
Pt
C39
41
1350-1750
90
St, CaPv, CF, Cr
Pt
C42
41
1400-1700
120
St, CaPv, CF, Cr
Pt
C44
42
1300-1700
60
St, CaPv, Cr, CF, New
Pt
C45
44
1350-1750
45
St, CaPv, Cr, CF, New
Pt
C49
48
1400-1750
45
St, CaPv, Cr, CF, New
Pt
C54
52
1300-1750
45
St, CaPv, Cr, CF, New
Pt
QC-S2
Quench from 54GPa
St, Cr
QC-S9
Quench from 44GPa
St, Cr
D42
44
1280-1750
60
St, CaPv, Cr, CF
Ruby + Pt
D47
46.5
1350-1800
80
St, CaPv, Cr, CF, New
Pt
D53
53
1450-1800
90
CaCl2-type, CaPv, Cr, CF, New
Pt
D55
55
1350-1800
50
CaCl2-type, CaPv, Cr, CF, New
Pt
D57
57
1400-1850
60
CaCl2-type, CaPv, Cr, CF, New
Pt
QD-S2
Quench from 57GPa
St, Cr
E60_1
58
1400-1740
60
CaCl2-type, CaPv, Cr, New
Pt
E60_2
60
1200-1750
55
CaCl2-type, CaPv, Cr, New
Pt
E64
64
1200-1700
70
CaCl2-type, CaPv, Cr, New
Pt
St=stishovite; CAS= Ca-Al-Si-rich phase; CaPv=Ca-perovskite; Cr= corundum; Gr=grossular;
CF=calcium ferrite-type NaAlSiO4; CaCl2-type= CaCl2-type SiO2
Run No.
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Figure 5-3. Representative X-ray diffraction patterns of An51 obtained at ambient
temperature under different pressure conditions. Vertical bars denote the different
phases observed in this study. 1bar-1 and 1bar-2 were collected at different spots after
decompressed to ambient conditions.
Table 5-4. Composition, crystal structure, bulk modulus and its pressure derivative
for all the phases observed in this study.
K0
(GPa)
277
125.0
304
302
171
223(6)

K’0

Reference

Platinum
NaAlSi2O6
SiO2
SiO2
CaAl4Si2O11
CaSiO3

Crystal
structure
Cubic
Monoclinic
Tetragonal
Orthorhombic
Hexagonal
Cubic

5.08(2)
5.0
4.6(1)
5.24(9)
5.1
4.0

Corundum

Al2O3

Hexagonal

252.9

4.251

Fei et al. 2007
Akaogi et al. 2002
Shieh et al. 2002
Fischer et al. 2018
Akaogi et al. 2009
Chen et al. 2018
Dewaele & Torrent
2013

Grossular

Ca3Al2
Si3O12

Cubic

166.5

4.96

Milani et al. 2017

CF

NaAlSiO4

Orthorhombic

220

4.1

Dubrovinsky et al.
2002

Phase

Composition

Pt
Jadeite
Stishovite
CaCl2-type SiO2
CAS
Ca-Perovskite
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15 - 22GPa
When pressure was increased to around 15 GPa, the sample was not amorphous as
diffraction peaks were observed from the sample. As temperature increasing from room
temperature to just below 1300 K, the remaining crystalline peaks slowly disappeared,
suggesting the sample turned into amorphous. Upon heating at 1300-1700 K, new peaks
were emerging, and jadeite was observed. Next, CaAl4Si2O11 phase (CAS) + grossular (Gr)
showed as well. As temperature increase higher than 1700K, jadeite coexisted with
stishovite (St), the most intense peaks can be seen at ~7 degrees in Figure 5-4. This phase
assemblage of Jd+CAS+St+Gr was observed in the range of 15-22 GPa.

Figure 5-4. Representative diffraction patterns of An51 collected from 15 to 32GPa
after quenched from heating in the A and B rounds. Different color symbols denote
different phases.
22 - 27GPa
When compressed to pressure higher than 22-23 GPa and heated at 1300-1900 K, the
jadeite was no longer observable. A mixture of St + CAS + Gr + Ca-perovskite (CaPv) +
CaFe2O4-type phase (CF)+ corundum (Cr) were commonly observed in this pressuretemperature range, as seen in Figure 5-4.
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28 - 41GPa
Above 27GPa and heating at 1300-1900 K, the peaks from CAS mostly disappeared. We
observed intense peaks from CaPv together with St + CF + Cr (32 GPa pattern in Figure 54). During heating, CaPv phase showed up earlier than St, suggesting the sluggish
transition of stishovite.
Above 42GPa
When the pressure was increased to 44-52 GPa and temperatures to 1300-1900 K, as seen
in Figure 5-3, new diffraction peaks were observed in the temperature quench product,
together with St+CaPv+Cr. From 42 to 49 GPa, the new phase only can be observed in
quench samples together with CaPv + St + Cr + CF. When compressed above 50 GPa and
heat >1600 K, the same new peaks were observed and developed profoundly during heating
process, suggesting a new and stable phase. Also, to search for a better diffraction pattern
of the new phase, mapping of the heated area after quench from high-temperature heatingat
52 GPa was performed. The mapping was taken with a 4-µm step in an area of 64 µm2,
and a clear diffraction pattern of the new phase is shown in Figure 5-5A and its 2D image
is shown in Figure 5-5B. In the range of 4 to 23 degrees, there seems to have 9 peaks that
can be assigned to the new phase with the most intense peak near 9 degrees and the second
most intense peak near 8 degrees. Also, next to the most intense stishovite peak near 7
degrees, another new weak peak can be observed but hard to decide if it belongs to the new
phase due to the weak intensity.
Above 53GPa
When compressed above 53 GPa, St was no longer observed but CaCl2-type SiO2. The
main diagnostic features of CaCl2-type SiO2 in the diffraction pattern are the three peaks
near 13 degrees instead of the two peaks in St (as labeled in Fig. 5-5A). Also, to synthesize
decent crystal and search for a better diffraction pattern of the new phase, mapping of the
heated area after quench from prolonged heating at 60 GPa was performed. Stacking of the
diffraction patterns during heating process is shown in Figure 5-5A. Growth of the two
most intense peaks are seen right next to major CaPv peak near 8 degrees and right next to
Pt peak near 9 degrees. The most intense peak of the new phase is quite close to the Pt 111
but it can be differentiated from smooth rings of Pt phase in 2D image. Furthermore, after
prolonged heating time to synthesize the new phase, step scan method was used to get a
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nice diffraction pattern from coarse crystal of the new phase in the 2D image (Figure 55C). More work is needed to solve this new crystal structure.

Figure 5-5. A) Growth of the new phase as seen in diffraction pattern during and post
heating at 60GPa, comparing to the quench pattern collected at 52GPa and room
temperature. Key temperatures as labeled. Different color symbols denote different
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phases. B) 2D Diffraction pattern of the heat quench sample collected at 52 GPa,
showing rings from the new phase; C) 2D Diffraction pattern of the heat quench
sample collected at 60GPa using step scan, showing crystalline dots from the new
phase.

5.3.1.3

Element mapping of recovered sample

To study whether the phase assemblage synthesized at high-pressure and high-temperature
can be retained at ambient conditions, the high-pressure and high-temperature samples
were temperature quenched and gradually decompressed to ambient pressure. X-ray
diffraction mapping was applied to the whole recovered sample. Stereotype diffraction
patterns collected at different spots in the recovered samples are shown in Figure 5-3, and
detailed phases are listed in Table 5-3. Based on the X-ray diffraction pattern of quenched
material, we observed several phases including Jadeite, St, CAS, Gr, and Cr. The new
phase was not seen in the recovered sample, nor does CaCl2-type SiO2, CaPv or CF.
Element mapping using microprobe was also performed in order to understand the element
distributions after heating (Fig. 5-6). Due to the small size of the samples, they were not
polished and therefore the concentration of the elements in the mapping results could be
qualitative but not quantitative.

Figure 5-6. A) Elements mapping of the whole An51 sample quenched from 54 GPa
with a 20-µm scale bar. The ruby shows as bright spheres near the top center and
lower left of Al concentration map. B) Mapping area covers one heating spot (20x20
µm) and the scale bar is 5 µm. Bright white dots denote Pt in composition (compo)
images.
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From the element mapping, it seems that most of the elements are broadly-defined evenly
distributed. However, Al is slightly concentrated at some spots where can be assigned to
the Al2O3 (Cr) phases. A few spots of high Ca concentration are also observed. They seem
to be free of Al, Na and K as shown in Figure 5-6B and could be the Ca-bearing phases
(CaPv). A close look at the triangle grain in Figure 5-6B confirms to be Ca-Pv (CaSiO3)
composition. Na and K seems not to mix with each other and may form two separated Nabearing (e.g. Jadeite or CF) and K-bearing high-pressure phase. Note that the concentration
of K in our samples is very low and we couldn’t confirm any phases from X-ray diffraction
pattern.

5.3.2 An96 anorthite
Comparing to An51 composition, An96 composition was only briefly studied under highpressure and high-temperature conditions up to 50 GPa and 2300 K. Two rounds of An96
was conducted and the detailed experimental conditions are listed in Table 5-4. Major
diffraction patterns and decompression patterns are shown in Figure 5-7. Element mapping
of the quenched sample is shown in Figure 5-8.
Table 5-4. Pressure, temperature, time and products details for the study of An96.
Run No.
P (GPa)
T (K)
t (mins)
Run products
Pressure marker
13G
13.5
1100-1600
30
St, Gr, Ky
Ruby+Pt
17G
17
1300-1800
50
St, Gr, Ky
Ruby+Pt
20G
20
1600-1800
40
St, Gr, Ky
Ruby+Pt
25G
25
1600-1950
40
St, CAS, Ca-pv
Ruby+Pt
29G
27
1550-2200
40
St, CAS, Ca-pv
Ruby+Pt
30G
30
2000-2300
30
St, CAS, Ca-pv
Ruby+Pt
35G
35
1700-2250
30
St, Ca-pv, Cr
Pt
44G
44
1750-2200
25
St, Ca-pv, Cr
Pt
45G
45
1500-2000
25
St, Ca-pv, Cr
Pt
50G
50
1600-2300
30
St, Ca-pv, Cr
Pt
Q-S9
Quench from 44GPa
St, Gr, Cr
St=stishovite; CAS= Ca-Al-Si-rich phase; CaPv=Ca-perovskite; Cr= corundum; Gr=grossular;
CF=calcium ferrite-type NaAlSiO4

Pre-heating diffraction patterns of An96 anorthite were collected at all runs. The room
temperature compression results show that anorthite turns into fully amorphous between
20 to 25 GPa, with the loss of all diffraction peaks. At pressure from 13 to 20 GPa, pre-
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heating pattern still shows remaining crystalline peaks and they are slowly gone as
temperature increases. When heating above 1300 K, a phase assemblage of St + Gr +
kyanite (Ky) were observed. When compressed to 25 GPa and heating to 1900 K, St + CAS
+ CaPv + Cr were observed. Further compression to 30 GPa and heat above 1900 K, CAS
peaks disappeared and only St + CaPv + Cr were observed. When compressed above 35
GPa and heat to 2200 K, only St + Ca-pv+ Cr were observed. These phase assemblages are
still seen in the diffraction patterns after quench from heating.

Figure 5-7. Representative X-ray diffraction patterns of An96 obtained at pressure to
41 GPa under room temperature. The vertical bars denote the different phases
observed in this study. 1bar-1 and 1bar-2 were collected at different spots after
quenched and decompressed to ambient conditions.
After decompression to ambient pressure, X-ray mapping was applied to the whole area,
and element mapping was conducted by microprobe. St, Gr and Cr are observed in
quenched samples. Similar as An51 composition, the existence of Cr can be confirmed by
Al concentration in the element mapping (Figure 5-8). The other elements didn’t show any
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obvious concentration, and this might be due to the endmember composition of An96 with
little Na and K.

Figure 5-8. Elements mapping of the An96 sample recovered after decompression
from 41 GPa and the scale bar is 20 µm. The bright ball shape Al concentration
near the edge is the ruby sphere.

5.4 Discussion
5.4.1 Phase diagram
In situ high-pressure and high-temperature studies of An51 and An96 plagioclase to 64 GPa
and 2200 K allow us to construct an updated phase diagram (Figure 5-9 and 5-10). At
pressure below 25 GPa, our P-T results are in good agreement with previous reports (Kubo
et al. 2010, 2017; Liu et al. 2012).
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5.4.1.1

An51 labradorite

Figure 5-9. Phase diagram of An51. Dash lines are amorphization/phase boundaries
summarized in Kubo et al. (2012). Solid symbols and lines are from this study.
(I) Amorphous phase
At pressure above ~22 GPa, we observed the loss of diffraction peaks at room temperature
and low-temperature (<1200 K), a strong sign of amorphization for An51. This observation
not only supports previous reports at pressure to 25 GPa (Tomioka et al. 2010; Kubo et al.
2017) but also extends the amorphization pressure to 60 GPa. However, Kubo et al. (2017)
also reported a vertical-like amorphous boundary based on quenched sample, which is
upper limit for the crystalline phase of An51. In addition, the Clapeyron slope of the near
horizontal phase boundary can be expressed as dP/dT = 0.154 GPa/K.
(II) Boundary between Jd+St+CAS+Gr and CF+St+CAS+CaPv+Cr
This boundary is mainly determined by the disappearance of Jd and appearance of CF. On
the left side of the boundary, in the range of 15 to 22 GPa, when temperature is below
1700K, Jd appeared first from the amorphous plagioclase, together with CAS and Gr; when
keep heating above 1700 K, St appeared with a sluggish manner and co-exist with Jd +
CAS + Gr. When compressed above 22 GPa and heat above 1400K, no jadeite was
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observed while the CF phase was better observed but still weak. Previous high-pressure
experiments indicated that jadeite dissociates into an assemblage of stishovite and
NaAlSiO4 with CF structure at about 23 GPa and 1300-1500 K (Liu 1978; Yagi et al. 1994).
However, with less Na-bearing intermediate plagioclase composition, the peaks from CF
tend to be weak and overlapped with other phases in this pressure range. This boundary
agrees nicely with previous reports by Kubo et al (2017). The slope of this boundary agrees
with the one drew between Jd+St and CF+St by Akaogi et al. (2010) but the position is
slightly offset to lower pressure with ~2GPa which might due to the mechanical difference
between multianvil apparatus and diamond anvil cells.
(III) Boundary between CF+St+CAS+CaPv+Cr and CF+CaPv+St+Cr
This boundary is determined mainly due to the disappearance of CAS. We drew this
boundary with a positive Clapeyron slope as determined in Ishibashi et al (2008) by the
transformation from CAS to CaPv, but slightly less steep. The calcium aluminosilicate
CaAl4Si2O11 (CAS) phase was found in high-pressure experiments in compositions of
sediments and continental crust at pressure-temperature conditions of the mantle transition
zone (Irifune et al. 1994). Using laser-heated diamond anvil cell (DAC) experiments, Ono
et al. (2005) revealed that the CAS phase was stable to about 44 GPa and 2000 K, while
Ishibashi et al (2008) reported that the CAS phase decomposed into a mixture of Caperovskite, corundum and stishovite at around 30 GPa and 2000 K. Our results show CAS
phase was observed from 15 to 26 GPa and no CAS can be observed at pressure greater
than 27 GPa, which agrees with the report from Ishibashi et al (2008).
(IV) Boundary between CF+CaPv+St+Cr and CF+CaPv+St+Cr+New phase
This boundary is determined by the appearance of the new phase. Phase assemblage of
CF+CaPv+St+Cr is stable from 27 to ~45 GPa. When compressed above 50 GPa, new
peaks appear during heating and still can be seen in the quenched sample. This new phase
has not been reported previously and more data are needed to determine its crystal
structure.
(V) Boundary between CF+CaPv+St+Cr+New phase and CF+CaPv+CaCl2-type
SiO2+Cr+New phase
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This boundary is determined by the transformation from stishovite to the CaCl2-type SiO2.
As previously reported, stishovite undergoes a displacive phase transition to the
orthorhombic CaCl2‐type structure (orthorhombic, space group Pnnm) at ~50 GPa (e.g.
Fischer et al. 2018). Here in our experiments, CaCl2‐type phase was observed after
compressed to 53 GPa based on the three diagnostic peaks around 13 degrees. The positive
slope is suggested by Fischer et al. (2018).

5.4.1.2

An96 composition

Figure 5-10. Phase diagram of An96. Dash and dotted lines are phase boundaries
summarized in Liu et al. (2012). Solid lines and circles are from this study.
(I) Amorphous phase
Above ~23 GPa, anorthite An96 shows loss of crystalline features at room temperature and
low-temperature (<1400 K) (Figure 5-10). Our data suggest that Clapeyron slope could be
drawn as a gentle slope boundary with dP/dT=0.04GPa/K, which is slighly shallow than
that of An51.
(II) Boundary between St+Gr+Ky and St+CAS+CaPv
At 20-25 GPa, a phase boundary between St+Gr+Ky and St+CAS+CaPv was determined.
Our newly constructed phase boundary in agreement with reported from Liu et al (2012)
but at ~3-5 GPa lower. Liu et al (2012) reported a phase combination of St+Gr+Ky below
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15 GPa, Gr+CAS+St at ~18 GPa and CAS+CaPv+St at 20-25 GPa. It is possible that we
missed the P-T range of Gr+CAS+St in our study as we have no data. Other possibility can
be due to the different high-pressure apparatus used in two studies.
(III) Boundary between St+CAS+CaPv and St+CaPv+Cr
This boundary is determined by the disappearance of CAS when compressed above 30
GPa. Compare to more Na-bearing An51 composition, this boundary is at slightly higher
pressure, possibly due to the composition effect. While not enough data has been collected
to determine the precise slope of this boundary, we drew it with a positive slope as
suggested in Ishibashi et al. (2008).

5.4.2 Plagioclase as a shock barometer
Our studied pressure-temperature conditions up to 64 GPa and 2000 K cover the previously
reported shock stages of common minerals and meteorites (e.g. Fritz et al. 2017; Stöffler
et al. 2018). As plagioclase-bearing meteorites often contain amorphous plagioclase and/or
its high-pressure phase (Kubo et al. 2017), studying high-pressure and high-temperature
behavior of plagioclase is essential for reconstructing the pressure–temperature–time
history of shock events and the mineralogy of meteorites. During the impact event that
formed the meteorites, shockwave compresses the projectile and target to high
temperatures and pressures. In addition, as the shockwave passes through a parcel of target
material, it imparts a velocity to that parcel. In most of the target, the magnitude of this
imparted velocity is determined by the material-dependent Hugoniot curve and is
proportional to the peak-shock pressure (Melosh, 1989). Hugoniot curve of plagioclase
feldspar has been reported previously by Ahrens et al (1969) and Jeanloz and Ahrens
(1980). Therefore, we plot our phase diagram of intermediate plagioclase feldspar with
An51 composition together with Hugoniot curves of oligoclase reported from Ahrens et al
(1969) in Figure 5-11.
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Figure 5-11. Combination of phase diagram of An51 and Hugoniot curves. Phase
boundary with solid lines are from this study whereas boundary with dash line is from
Kubo et al. (2017). Hugoniot curve with green dotted line is from Ahrens et al. (1969)
with oligoclase.

5.4.2.1

Amorphization—diaplectic glass

The amorphization of plagioclase is related to the formation of the diaplectic glass which
is commonly observed in terrestrial shocked samples and meteorites. The appearance of
diaplectic glass is used in shock stage classification, especially for stage S4 which is the
strongest shock stage bearing diaplectic glass before melt.
Results from shock-recovery experiments were used to determine the amorphization
pressures of plagioclase (e.g. Ostertag 1983; Stöffler et al. 1986, 1991). Stöffler et al (2018)
summarized the formation of diaplectic glass in shocked anorthosite ranging from ~28 to
~40-45 GPa with temperatures from 578 to ~1028-1178 K. Recently, Fritz et al (2019)
reported that An50-57 and An94 plagioclase were recovered as almost fully isotropic
amorphous state from room-temperature shock experiments at 28 and 24 GPa. However,
temperature results from these shock experiments are not openly calculated and their
timescales were much shorter than those in natural events (Duval and Graham 1977;
Melosh 1989; Langenhorst and Hornemann 2005; Sekine 2016; Jaret et al. 2018; Sims et
al. 2019; Fritz et al. 2019).
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Aside from dynamic shock experiments, there have some static studies to demonstrate
amorphization of plagioclase. A solid state amorphization on Ca-rich (An96) plagioclase
was observed in DAC experiments at pressure between 22 and 28 GPa and 293 K (Williams
and Jeanloz 1989). Daniel et al. (1997) studied anorthite (CaAl2Si2O8) using X-ray
diffraction method and suggested amorphization pressures of 14-20 GPa on powder
samples but permanent amorphous phase was found only above 22 GPa based on Raman
spectroscopy measurements. Using in situ infrared spectroscopy on a single crystal of
anorthite, amorphization were found at 18-22 GPa (Williams and Jeanloz 1989). An in situ
infrared spectroscopy DAC study reported amorphization pressure of albite (NaAlSi3O8)
between 20-28 GPa, with an irreversible amorphization observed only in samples
recovered from experiments with peak pressures greater than 24 GPa (Williams, 1998). In
this study, amorphization pressures for An51 and An96 are consistent with previous DAC
reports and are slightly lower than those of dynamic experiments. The difference between
the dynamic and static results is probably due to the sluggish deformation in plagioclase.
Combining the results from shock experiments and our own static results, we draw the
lower boundary for the formation of diaplectic glass at ~22 GPa and the upper boundary at
45 GPa. Together with Hugoniot curves, we conclude at shock pressure below 45 GPa
plagioclase may form diaplectic glass as the temperature induced by the shock is not high
enough to trigger the phase changes.

5.4.2.2

High-pressure phases

While we reported a variety of phase assemblage at different pressure and temperature
conditions, high-pressure phases observed from this study are not commonly found in
terrestrial impact structures but, while some relatively low-pressure phases were reported
to be found in the meteorites.
Jadeite
The appearance of jadeite can also be used as a pressure - temperate indicator for
plagioclase-bearing meteorites. Kimura et al. (2000) first reported that the existence of
jadeite from shocked ordinary chondrites using Raman spectroscopy, but no SiO2 phase
accompanying jadeite has been detected. Our results suggest that the lacking stishovite
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while jadeite is observed might be explained as sluggish nature of the stishovite formation
as we observed stishovite after lengthy heating process. Consequently, only jadeite can be
metastable present without crystalline stishovite in a certain P-T range in the timescale of
shock events. The assemblage of jadeite and amorphous phase formed from plagioclase
has also been found in shock-metamorphosed terrestrial rock from the Rise Crater (James
et al. 1969), which can be explained for the same reason. Moreover, as we never observed
high concentration of SiO2 in quenched samples using microprobe analysis, SiO2 may be
not easily identified while mixing with other components in meteorites.
CF phase
Even though our results support that CF phase is a HP-HT phase of plagioclase, CF phase
has not yet been discovered from any meteorites (e.g. Gillet et al. 2000; Tomioka et al.
20000; Kubo et al. 2010). Instead, hollandite has been reported in meteorite but the
mechanism of its formation is still unclear. In this study, hollandite didn’t show as a stable
phase in the phase assemblage under high-pressures and temperatures (except for one spot
after quench at 29 GPa, this may need further study). It could mean that hollandite is a
metastable phase, or a phase formed during decompression.
CAS phase
Natural occurrence of Na-rich CAS phase was reported by Raman spectroscopy in shocked
Martian meteorites (Beck et al. 2004). It also occurred in shock melt pockets in two distinct
settings and is intimately intergrown with SiO2-stishovite. The distinction between solidstate transformation and liquid crystallization is an important consideration when using the
presence of phase assemblage to constrain shock pressures. More studies are needed.
Gr+Ky+St assemblage
In a shocked eucrite Northwest Africa (NWA) 2650, Chen et al (2019) reported a diverse
phase transformation behavior of anorthite. Anorthite glass and diaplectic glass were
observed in NWA 2650, together with anorthite transforming into tissintite and
dissociating into three-phase assemblage grossular + kyanite + silica glass. The presence
of assemblage grossular + kyanite + silica melt in NWA2650 is its first description in
shocked meteorites, while grossular and kyanite have been observed in shocked eucrites
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(Fudge et al. 2017; Pang et al. 2018). They interpreted the P-T condition as ~2-15 GPa and
<2300 K based on previous study (Liu et al. 2012). However, based on our results, anorthite
will break down instantly to stishovite + grossular + kyanite at pressure up to 20 GPa and
temperature above 1400K but, at 20 GPa, it is not high enough to generate temperature
above 1400K according to the Hugoniot curve (Figure 5-11). Theoretically, for temperature
reaching >1400 K, anorthite needs to be shocked above 35GPa, but this is in contrary with
the P-T conditions concluded for NWA2650 by Chen et al. (2019). On the other hand, if
the shock pressure reaching at 35 GPa generate temperature higher than 1400 K, then based
on our phase diagram the stable phases should be St+CAS+CaPv instead of St+Gr+Ky.
This discrepancy could be possibly due to the fact that the pressure release along with
adiabat path of shock is still not fully understood and reconstructive phase changes are
kinetically sluggish. As more heat produced by higher pressure from strong shock does
help explain why high phase assemblage is always found in melt pocket or near the melt
vein. Melt is a result of higher temperature heating and may hold on heat longer than the
other part of the meteorite. In addition, time is as important as temperature for kinetic
factors during break down of plagioclase.
Cr, CaPv and new phases
While commonly seen in our results, corundum is barely reported in meteorites. CaPv and
the new unknown phase are both unquenchable, so it is hard to detect. On one side, this
may be due to the limited number of reported meteorites with plagioclase. On the other
hand, this may be due to the fact that the static and dynamic compressions follow different
path and therefore produce different pressure-temperature-time histories.

5.5

Conclusions

High-pressure and high-temperature study of An51 and An96 were examined at pressure and
temperature to 64 GPa and 2000 K and 50 GPa and 2300 K, respectively.
(1) Results from this study reveals pressure-induced amorphization and high-pressure hightemperature phase changes of plagioclase.
•

For An51 labradorite: At 15 - 22 GPa and temperature above 1300 K, jadeite (Jd)

appears first from the amorphous sample and then coexists with stishovite (St) +
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CaAl4Si2O11 phase (CAS) + grossular (Gr); At 23 - 27 GPa and temperature above 1300
K, Jd is no longer observable, but a mixture of St + CAS + Ca-perovskite (CaPv) +
CaFe2O4-type phase (CF)+ corundum (Cr) + Gr is stable; At 28 - 50 GPa and temperature
above 1400K, a phase assemblage St + CF + CaPv + Cr is observed; Above 50 GPa and
temperature > 1500 K, a new phase appears together with St + CaPv + Cr; Above 55GPa,
St is no longer seen but CaCl2-type SiO2 + CaPv + Cr + New phase. The crystal structure
and stability field of this possibly new high-pressure phase is waiting to be explored in
more detail.
•

For An96 anorthite: at 15-22GPa with temperature above 1400K, a phase

assemblage of St + Gr + Ky is observed; at pressure 25-35GPa and temperature above
1700K, St + CAS + CaPv is observed; at pressure higher than 35GPa, only St + CaPv + Cr
is observed.
(2) Phase diagrams of An51 and An96 plagioclase at pressure >30 GPa were updated.
Combining with Hugoniot curve, the phase diagram reveals a wide pressure-temperature
range for crystalline plagioclase turns into amorphous (aka diaplectic glass) without
melting. Various phase assemblage under different high-pressure high-temperature
conditions makes plagioclase a possible candidate as shock barometer.
More dynamic and static experimental studies with pressure up to 100 GPa are needed for
bridging the gaps between observations from natural samples and experimental results, to
better understand the pressure-temperature history of shock events and the mineralogy of
meteorites, ultimately to help reconstruct the collisional history of asteroids in the early
Solar System.
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Chapter 6

6

Discussion, conclusions and future work

6.1 Shock effects in plagioclase
In order to fill the gap in current knowledge and further our understanding of impact
cratering processes on planetary bodies, this thesis studied shock features in both terrestrial
plagioclase feldspar and lunar samples returned from the Moon, primarily using optical
microscopy and Raman spectroscopy with 514.5 nm laser. As comparison, Raman spectra
were also collected using unshocked feldspar standards with composition confirmed by
EPMA, including albite, labradorite, anorthite and K-feldspar. Consistent with precious
reports (Sharma et al. 1983; Freeman et al. 2008), the most characteristic Raman features
of unshocked feldspar studied here are observed to be two or three Raman peaks between
460 and 515 cm-1. The exact position and numbers of these peaks and the distance between
the two diagnostic peaks varies with composition, and the intensity ratio varies with
orientation of the crystal. However, more detailed work is needed to demonstrate the
influence of Na/Ca and Si/Al ratios upon peak positions and intensity in Raman spectra.
Thus, while K-feldspar exsolution can be discerned from plagioclase by their Raman
features, the Raman peak positions are not sufficient for judging the composition of
plagioclase solid solutions.
In Chapter 3, terrestrial shocked plagioclase samples collected from Mistastin Lake impact
structure, Labrador, Canada, were studied systematically. Samples included monomict and
polymict breccias, impact melt rocks, and shock-metamorphosed target rocks, same as the
selection used in Pickersgill et al. (2015b). These samples displayed a series of microscopic
features, including twins, needle-like inclusions, planar features, alteration and diaplectic
glass. While there are no PDFs observed, as previously noted (Pickersgill et al. 2015), a
series of planar deformation features (PDFs)-like micro-features were observed, including
needle-like inclusions, alterations and planar features. Raman features of planar features
suggests a loss of crystallinity but not yet amorphous (i.e. not PDFs) and can be
differentiated from inclusions and alterations based on their Raman features. From S1
unshocked to S2 low and S3 moderately shock stages, Raman spectra show progressive
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changes, including band broadening, reduction of intensities, and loss of lattice mode
bands, which can be attributed to microstructural deformation and loss of crystallinity.
Raman spectra of features from these shock stages suggests that this technique can be used
to classify shock features in low to moderately shocked rocks. Raman features are also
efficient for distinguishing diaplectic glass in strongly shocked rocks (shock stages S4) and
crystalline plagioclase, as Raman spectra collected from diaplectic glass shows weak and
broad peaks in the high- (900–1200 cm-1) and low-wavenumber (400–700 cm-1) regions
instead of the narrow characteristic peaks from crystalline plagioclase, as in Figure 3-13.
A considerable variation in the intensity of Raman peaks from diaplectic glass with the
same composition was also observed, as in Figure 3-12, which has not been reported
before. Considering the intensity variation of the broad peak centred around 1050cm-1
might be due to the different numbers of nonbridging Si-O and Al-O from various shock
pressure/temperature, the significant variations in the Raman intensities collected from
diaplectic were ascribed to the localized disorder or inhomogeneity of shock pressure and
temperature throughout the target.
In Chapter 4, Lunar samples returned by Apollo mission were studied, same as the selection
used in Pickersgill et al. (2015a). Lunar anorthite from breccia, anorthosite and basalt
samples showed a set of progressive shock features, including fractures, deformed twins,
planar features, and partially isotropic areas. It is notable that there was also a lack of PDFs
in these samples, but planar features with low crystallinity was observed, similar to the
observations in shocked terrestrial plagioclase from Mistastin Lake. From low to
moderately shocked stages, similar to terrestrial samples, Raman spectra also show
progressive changes including band broadening, reduction of intensities, and loss of lattice
mode bands (as in Fig. 4-11). None of the lunar anorthite in this study are completely
amorphous, but partially isotropic regions of some grains were found. The Raman spectra
of the partially isotropic areas of some grains confirmed the presence of amorphous
plagioclase with the weak and broad peaks in the high- (900–1200 cm-1) and lowwavenumber (400–700 cm-1) regions. However, no completely amorphized grains (i.e.
diaplectic glass) were observed in lunar samples used in this study which might due to the
limited number sites sampled (e.g., Rubin et al. 2015).
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In summary, Raman features of the terrestrial and lunar plagioclase samples collected
proved that Raman spectroscopy can be used to discern microscopic features including
inclusions, twins, planar features, PDFs, and alteration, and it is also an efficient method
to differentiate diaplectic glass from crystalline plagioclase. Detailed and systematic
Raman data collected in this study can be used as a library to characterize shock feldspar
in impactites on both terrestrial and other planet bodies, making it a useful tool for in situ
measurements and selecting samples to return in future exploration missions.
Future work includes examining shocked feldspar from other impact craters with different
compositions with optical microscopy to see if there is also a lack of PDFs. Raman
spectroscopy should be used to revisit the proposed PDFs from other studies to see if
Raman features is sufficient in identifying PDFs. Raman spectra of diaplectic glass with
different composition should also be collected to build a more detailed Raman database
and expand our knowledge of shock features in feldspar. Most importantly, we need to
return to the Moon with a high-precision space Raman system to look for moderately to
strongly shocked samples containing more diaplectic glass to return.

6.2 Phase diagram
In Chapter 5, to study plagioclase feldspar under a controlled high-pressure hightemperature condition, An51 (similar composition as Mistastin Lake samples) and An96
(similar composition as lunar samples) plagioclase were examined at pressure and
temperature up to 64 GPa and 2000 K and 41 GPa and 2200 K, respectively, using laser
heating diamond anvil cell and in situ synchrotron X-ray diffraction. An updated phase
diagram was constructed (Fig. 5-11) and reveals pressure-induced amorphization and
crystallization kinetics of high-pressure high-temperature phase assemblage after
plagioclase break down. Our results are consistent with previous studied (e.g., Kubo et al.
2010, 2017) and expand the P-T range from 25GPa, 1500K in previous reports to 65GPa,
2200K.
For An51 labradorite: at room temperature, crystalline plagioclase becomes amorphous at
pressures above 22 GPa; when under 22 GPa, partial to complete amorphization is
observed as temperature increases. At 15 to 22 GPa and temperatures above 1300 K, jadeite
(Jd) appears first from the amorphous sample and then coexists with stishovite (St) +
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CaAl4Si2O11 phase (CAS) + grossular (Gr). At 23–27 GPa and temperatures above 1300
K, Jd is no longer observable, but a mixture of St + CAS + Ca-perovskite (CaPv) +
CaFe2O4-type phase (CF)+ corundum (Cr) + Gr is stable. At 28 to 50 GPa and temperatures
above 1400 K, a phase assemblage St + CF + CaPv + Cr is observed. Above 50 GPa and
temperatures > 1500 K, a new phase appears together with St + CaPv + Cr; Above 55 GPa,
St is no longer seen but CaCl2-type SiO2 + CaPv + Cr + New phase. The crystal structure
and stability field of this possibly new high-pressure phase is waiting to be explored in
more detail.
For An96 anorthite: at room temperature, the crystalline sample turns into a completely
amorphous state at pressures above 23GPa. At pressures lower than 23 GPa, partial to
complete amorphization is observed as temperature increases. At pressures of 15 to 22 GPa
and temperatures above 1400K, a phase assemblage of St + Gr + Ky is observed. At
pressures of 25–35GPa and temperatures above 1700K, St + CAS + CaPv is observed. At
pressures higher than 35 GPa, only St + CaPv + Cr is observed.
In summary, the high-pressure high-temperature results revealed that the amorphization of
crystalline plagioclase happens under a wide P-T range. Upon higher temperature,
amorphous plagioclase will break down into different phase assemblages depends on the
pressure. However, as most of the high-pressure phases observed here are not quenchable,
Al2O3 (Cr) can be used as an indicator of the breakdown of plagioclase feldspar.
In the future, more static experiments on plagioclase with different composition need to be
conducted to construct a full phase diagram for plagioclase along anorthite-albite join; also,
dynamic experiments with known temperature need to be conducted to study the P-T-t path
of shock features; furthermore, mineralogy features near melt vein in feldspar bearing
meteorites should be examined closely to find evidence supporting our experimental results
of phase change.

6.3 An updated shock metamorphism classification system
for plagioclase feldspar
Combining the shock features observed in terrestrial and lunar samples with experimental
results, we proposed an updated shock metamorphism classification system for plagioclase
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feldspar with an updated P-T range for S3 and S4 stage, as in Table 6-1: for S3 stage, as
partial isotropic and planar deformation features are all evidence of partial amorphization
of crystalline plagioclase forms under pressures from 15 to 22 GPa, we lowered the
pressure boundary proposed by Stöffler et al (2018) from 26 GPa to 15GPa; for S4 stage,
as completely amorphous (i.e. diaplectic glass) was observed above 22 GPa here, we
lowered the pressure boundary proposed by Stöffler et al (2018) from 28GPa to 22GPa; for
the upper boundary of S4, our results stay the same with 45GPa, as from Hugoniot curve
reported by Ahrens et al. (1969), when pressure is above 45GPa, the temperature will be
above 1400K which crosses the amorphous phase boundary we drew in Chapter 5 (see Fig.
5-11), suggesting that amorphous plagioclase will start to break down.
Comparing to the pressure of amorphization reported by former static experiments, our
results not only supports previous reports at pressure to 25 GPa (Tomioka et al. 2010; Kubo
et al. 2017) but also extends the amorphization pressure to 60 GPa. Comparing to previous
shock experiments, our pressure for complete amorphization (22GPa) is slightly lower than
the pressure of 28GPa reported by Fritz et al. 2019, this could be due to the different
experimental setting and calculation of pressure, also, timescales of shock experiments
were much shorter than those in natural events and static experiments.
In summary, when comparing to the P-T conditions shock metamorphism classification
system proposed by Stöffler et al. (2018), we outline a wider range for S3 partially isotropic
and S4 diaplectic glass based on experiment P-T conditions for crystalline plagioclase to
partially to complete amorphous transition (see phase boundary in Fig. 5-11). Our wider
ranges of S3 and S4 proposed here supports the results from previous shock experiment
which only observed amorphous (i.e., diaplectic glass) in the quenched sample, (e.g., Fritz
et al. 2019; Jaret et al. 2018; Pittarello et al. 2020; Sims et al. 2020). The P-T condition in
our phase diagram (Fig. 5-11) for phase change suggests that the lack of phase change in
previous shock experiment is due to the insufficient temperature and short duration to
overcome the kinetic barrier.
Future work with higher pressure and higher temperature is needed to decide the P-T
condition for feldspar to melt (S5 stage), to measure post-shock temperature and to
determine the P-T-t path of shock metamorphism.
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Table 6-1. Progressive stages of shock metamorphism in plagioclase feldspar.
(Stöffler et al. 2018)

This study

Shock
pressure

Post-shock
temperature

Shock
pressure

Post-shock
temperature

(GPa)

(K)

(GPa)

(K)

(Bold represents diagnostic
features)

S1 Unshocked

<5

<323

-

-

Fractures and twins

Sharp and narrow Raman peaks

S2 Weakly
shocked

5-26

323-493

<15

<300

Deformed twins, undulatory
extinction

Main diagnostic peaks show slight
broadening, lattice modes peaks
under 400cm-1 slight weakening.

300-400

Planar features, planar
deformation features
(PDFs) and Partially
isotropic

Broadening of the main peaks,
loss of weak peaks

Shock stage

S3 Moderately
shocked

26-28

493-573

15-22

Shock features observed from
terrestrial and lunar samples

Raman features

S4 Strongly
shocked

28-45

573-1173

22-45

400-1400

Diaplectic glass

Broad band near 510 cm-1 with
shoulder near 580 cm-1, broad
peak centered around 1050 cm-1.

S5 Very
strongly
shocked

45-60

1173-2123

-

-

Feldspar melt

-
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